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Abstract
Nano-Optical Photodetectors Based on Two-Dimensional Materials
Author: Nima Sefidmooye Azar
Supervisors: Prof. Kenneth B. Crozier and Dr. James Bullock
The discovery of graphene in 2004 opened the door to the wonderful world of two-dimensional
(2D) layered materials, and the properties and applications of these materials have been hot
research topics ever since. The atomic-level thinness and layered structure of 2D materials
give rise to extraordinary properties and enable novel functionalities, and they have exhibited
great potential in various fields including electronics and optoelectronics. They are particularly
promising for photodetection, and detectors from ultraviolet to terahertz wavelengths have been
demonstrated based on these materials. However, low light absorption in 2D materials, which
originates from their thin structure, has hindered their widespread application in photodetection.
In this thesis, we demonstrate optical nanostructures that can significantly boost the interaction
of light with 2D materials and thus improve their photodetection performance. Our focus is
on infrared (IR) photodetectors which have applications in a wide range of areas that include
biomedical and thermal imaging, telecommunication, spectroscopy, and many other modern
technologies.
First, we present a hybrid plasmonic structure for enhancing the light absorption in graphene
in the long-wave IR (LWIR) spectral region. This structure, consisting of a metallic bull’s
eye grating and optical nanoantennas, employs surface plasmon polaritons and localized sur-
face plasmons to concentrate light into a monolayer graphene flake with sub-wavelength lateral
extent. Optical simulations show that this plasmonic structure provides a ∼558-fold light ab-
sorption enhancement in graphene and a ∼32-fold enhancement in the detectivity of the LWIR
photodetector. It is also found that integrating this structure with an optical cavity substrate
further boosts the device performance.
Black phosphorus (bP), another 2D layered material with a narrow and direct bandgap of
∼0.31 eV, has great potential for IR optoelectronics. Nevertheless, the performance of bP-
based photodetectors is limited by weak light absorption in bP, resulting from its thinness and
optical anisotropy. In the next work, via optical simulations, we demonstrate hybrid plas-
monic nanoantenna/optical cavity structures that boost the IR light absorption in multilayer
bP through polarization conversion and light intensity enhancement. In a reciprocal manner,
these nanostructures enhance the spontaneous emission from bP. Light absorption and emission
enhancements of up to 185-fold and 18-fold, respectively, are achieved. Detectivity and electro-
luminescence efficiency of 2D material-based photodetectors and light-emitting diodes can be
significantly enhanced employing these optical nanostructures.
Abstract ii
Recently, platinum diselenide (PtSe2), a 2D noble-transition-metal dichalcogenide, has also been
investigated for IR detection. However, wavelengths up to the short-wave infrared region have
been the main focus of these studies. In the last work, we present LWIR photodetectors based
on multilayer PtSe2. We utilise a TiO2/Au optical cavity substrate for enhancing the LWIR
light absorption in PtSe2. Responsivity values of up to 54 mA/W are obtained at λ = 8.35 µm.
In addition, these devices show a fast photoresponse with a time constant of 54 ns to white
light illumination. This study reveals the potential of multilayer PtSe2 for fast and broadband
photodetection from visible to LWIR wavelengths. It also highlights the key role of the substrate
in the performance of 2D material-based IR photodetectors.
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Photodetectors, which are optoelectronic devices that sense light by converting it into electrical
signals, play an important role in a variety of modern technologies. They are used in different
applications depending on the spectral band of the detected light, as shown in Figure 1.1 [1].
Infrared (IR) photodetectors in particular, are widely used in biomedical imaging, spectroscopy,
environmental monitoring, gas sensing, search and rescue, night vision and surveillance, telecom-
munication, and astronomy [2]. These devices detect photons with wavelengths in the near IR
(NIR, 0.75–1.5 µm), short-wavelength IR (SWIR, 1.5–3 µm), mid-wavelength IR (MWIR, 3–8
µm), long-wavelength IR (LWIR, 8–15 µm), and far IR (FIR, 15–1000 µm) spectral regions [3].
Mercury cadmium telluride (MCT, Hg1−xCdxTe), a variable- and direct-bandgap semiconduc-
tor, has been widely employed in SWIR, MWIR, and LWIR photodetectors. MCT is an alloy of
CdTe and HgTe, and its bandgap is tunable by the ratio of these components over the 1–30 µm
range with little variation of the lattice constant [4]. Due to high IR absorption in MCT, high
quantum efficiency and responsivity values can be achieved using MCT detectors [5]. Nonethe-
less, some issues such as large-area non-uniformity and difficulty of precise composition control
result in a complex and expensive fabrication process [6]. Hence, alternative platforms, including
two-dimensional (2D) layered materials, have been investigated for IR detection [7, 8].
2D layered materials are a category of materials with layered atomic structure. In each layer,
the atoms are held together via strong covalent bonds, while the layers are stacked together
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Figure 1.1: Applications of photodetectors at different spectral bands. Reproduced with
permission from ref 1. Copyright 2017, Wiley-VCH.
through weak van der Waals interactions. This layered structure allows for their cleavage into
2D, atomically thin sheets, and the confinement of electrons in two dimensions gives rise to ex-
traordinary physical, electronic, and chemical properties [9]. Hence, following the first successful
isolation of graphene layers through mechanical exfoliation of graphite in 2004 [10], extensive
research effort has been directed to the study 2D materials.
2D materials provide a promising platform for the future electronic and optoelectronic appli-
cations. This results from their appealing electronic, optical, and mechanical properties, such
as bandgap tunability with thickness, high optical transparency, and high mechanical flexi-
bility [11–13]. In addition, their dangling-bond-free surface, together with the van der Waals
interactions between adjacent layers, enables their vertical stacking to fabricate functional het-
erostructures beyond the limitation of lattice mismatch [14, 15]. High-performance photodetec-
tors [16–18], light emitting diodes (LEDs) [19, 20], and optical modulators [21–23] have been
demonstrated based on these materials.
The ever growing family of 2D materials comprises a wide variety of members featuring comple-
mentary electronic properties. Graphene is a semimetal with high electrical conductivity, and
thus it can be used as transparent and flexible electrodes for optoelectronic devices [24, 25].
Also, its high carrier mobility and gaplessness render it favorable for fast and broadband pho-
todetection [26, 27]. However, its low light absorption and short-carrier lifetime lead to low
responsivity, and its gaplessness results in high dark current in graphene photodetectors. Also,
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Figure 1.2: 2D materials with diverse electronic structures cover a broad range of the elec-
tromagnetic spectrum. Reproduced with permission from ref 15. Copyright 2014, Nature
Publishing Group.
graphene cannot be used for light emission due to its gaplessness. Multilayer black phosphorous
(bP), a semiconductor with a direct bandgap of ∼0.31 eV, is an appealing material for MWIR
photodetectors [28, 29] and LEDs [30]. Monolayer transition metal dichalcogenides (TMDs),
such as molybdenum disulfide (MoS2) and tungsten diselenide (WSe2), are direct bandgap semi-
conductors, suitable for visible to NIR photodetectors [31, 32] and LEDs [33, 34]. The sizable
bandgap of hexagonal boron nitride (hBN) enables its application as an insulating substrate
[35–37] and gate dielectric [38, 39] in 2D material-based devices. In addition, It can be used for
ultraviolet (UV) photodetection [40]. Figure 1.2 illustrates the atomic and diverse electronic
structures of these materials which cover a broad range of the electromagnetic spectrum [15].
The main issue with 2D material-based optoelectronics is the low light absorption in these
materials, which results from their thin structure. This leads to low photoresponsivity and
limits the performance of optoelectronic devices based on 2D materials. For instance, due to
its extreme thinness, only 2.3% of the incident visible light is absorbed by monolayer graphene
despite its large absorption coefficient (measured in m−1) [41]. To solve this problem and
enhance the light absorption in 2D materials, various techniques including integration with
optical waveguides, plasmonic nanoantennas, and optical cavities have been employed [42–45].
In this thesis, we present novel micro- and nano-optical structures that can be integrated with
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2D materials to enhance their interaction with IR light and thus improve the performance of
optoelectronic devices based on these materials. These optical structures, including plasmonic
nanoantennas; metallic gratings; and optical cavities, significantly enhance the IR light absorp-
tion in 2D materials and IR light emission from them.
This dissertation is organized as follows:
Chapter 1 reviews the fundamentals of 2D material-based photodetectors. Principles of plasmon-
ics and optical nanoantennas are also discussed. This chapter also provides a literature review
on 2D material-based photodetectors and light-mater interaction enhancement techniques in 2D
materials.
Chapter 2 discusses the methods employed for optical simulations, device fabrication, and char-
acterisation of the photodetectors.
Chapter 3 fully reproduces our peer-reviewed article published in Applied Physics Letters in
2019. This work, entitled “Bull’s Eye Grating Integrated with Optical Nanoantennas for Plas-
monic Enhancement of Graphene Long-Wave Infrared Photodetectors”, presents a composite
plasmonic structure to enhance the light absorption in graphene in the LWIR spectral band. It
demonstrates how surface plasmon polaritons and localised surface plasmon resonances can be
used for enhancing the light absorption and photodetection performance in 2D materials.
Chapter 4 demonstrates plasmonic nanoantenna-optical cavity hybrid structures that can en-
hance the interaction of multilayer bP with IR light. This chapter is originally published in
ACS Photonics in 2021 and is entitled “Light-Matter Interaction Enhancement in Anisotropic
2D Black Phosphorous via Polarization-Tailoring Nano-Optics”. This study shows how the light
intensity and polarization can be tailored to enhance the light absorption and emission from an
anisotropic 2D material.
Chapter 5, which is entitled “Long-Wave Infrared Photodetectors Based on 2D Platinum Dise-
lenide atop Optical Cavity Substrates”, is reproduced from our journal paper published in ACS
Nano in 2021. It reports fast and broadband photodetectors based on multilayer platinum dis-
elenide. It also demonstrates that the photoresponse from 2D materials can be enhanced using
an optical cavity substrate in the LWIR spectral region.
Finally, chapter 6 summarize the findings of my PhD studies and provides some possible direc-
tions for future work.
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1.2 Figures of Merit in Photodetectors
Following are the key figures of merit in photodetectors [1, 3, 13, 17, 18].
• Responsivity (R): The ratio between the photocurrent (Iph) or photovoltage (Vph) and the
optical power incident on the photodetector (Pin) is defined as its responsivity, i.e., R = Iph/Pin
[A/W] or R = Vph/Pin [V/W].
• External Quantum Efficiency (EQE): The ratio between the number of electron-hole pairs
collected to produce the photocurrent and the number of incident photons is defined as the







where h is the Planck constant and e is the unit charge. λ, ν, and c are the wavelength,
frequency, and speed of the incident light, respectively. High absorption in the photo-active
material and low carrier recombination and trapping before collection leads to a large EQE.
Loss of incident photons due to transmission and reflection reduces EQE.
• Internal Quantum Efficiency (IQE): The ratio between the number of electron-hole pairs
collected by the electrodes and the number of photons absorbed by the photodetector is defined
as internal quantum efficiency.
• Speed and Bandwidth: The response speed shows the ability of a photodetector to follow
a pulsed optical signal and is characterised by the rise time tr and the fall time tf of the
photoresponse. tr (and tf ) are defined as the time required for the response to rise (decay) from
10% (90%) to 90% (10%) of its peak value. The overall speed of a photodetector is determined
by its intrinsic bandwidth and RC circuit-limited bandwidth.
• Signal to Noise Ratio (SNR): Low noise is highly desirable, as it determines the lowest
detectable signal level. Signal to noise ratio is the ratio between the signal power and noise
power, which must be larger than one in order for the signal to be detectable.
• Noise Equivalent Power (NEP ): Noise equivalent power is defined as the signal power that





mean-square noise current in darkness.
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(a) (b) (c)
(d) (e)
Figure 1.3: Physical mechanisms that enable photodetection in 2D materials. (a) photocon-
ductive, (b) photovoltaic, (c) photogating, (d) photo-thermoelectric, and (e) bolometric effect.
a–d, reproduced with permission from ref 3. Copyright 2019, Wiley-VCH. e, reproduced with
permission from ref 17. Copyright 2014, Nature Publishing Group.
• Detectivity (D∗): The detectivity, which determines the photodetector’s ability to differen-










and is measured in [cm.
√
Hz/W]=[Jones]. Here, A is the device area and ∆f the sampling
bandwidth.
1.3 Photodetection Mechanisms in 2D Materials
Photodetectors absorb optical energy and convert it into electrical signals, which can be in
the form of photocurrent or photovoltage. Physical mechanisms that enable photodetection
in 2D materials include photoconductive, photovoltaic, photogating, photo-thermoelectric, and
bolometric effects. Figure 1.3 illustrates schematics of these mechanisms, which are discussed
in this section [1, 3, 13, 17, 18].
1.3.1 Photoconductive Effect
In this mechanism, photons with energies larger than the bandgap are absorbed by the semicon-
ductor channel, leading to the generation of electron-hole pairs and thus an increase of channel
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conductance. A photoconductor consists of a semiconductor channel, contacted to two elec-
trodes at the two ends via ohmic contacts. An external voltage applied to the source and drain
electrodes is required in this case to collect the photogenerated carriers. If the photocarriers
are successfully collected by the electrodes before they recombine, a photocurrent is generated.
The life-time of carriers (τl) can be larger than their transit time (τtr) across the channel, and
thus, they can circulate in the channel multiple times before recombination. In other words, an
incident photon can generate multiple carriers. This gives rise to photoconductive gain which
is defined as G = τl/τtr. τtr can be expressed as τtr = L
2/(µVb), where L is the channel length,
µ is the carrier mobility, and Vb is the bias voltage applied to electrodes. It should be noted
that the bias voltage also produces a small current in darkness (dark current). Examples of 2D
material-based photoconductors will be presented in Section 1.5.
1.3.2 Photovoltaic Effect
This mechanism is similar to photoconductive effect, but the photogenerated electron-hole pairs
are separated by a built-in potential in a p-n or a Schottky junction. The need for an external
bias is thus obviated in photovoltaic detectors (also called photodiodes). This enables them
to work with negligible dark current. Built-in electric fields are formed in junctions between
materials possessing different work functions; thus, heterostructures of 2D materials are widely
used for this purpose. It is worth noting that, in practice, photovoltaic and photoconductive
effects usually coexist because Schottky junctions are easily formed at metal-semiconductor
contacts. Examples of photodiodes based on 2D material will be presented in Section 1.5.
1.3.3 Photogating Effect
This mechanism is also similar to the photoconductive effect, in which one type of the photo-
generated carriers (electrons or holes) get trapped in the defects or at surface adsorbates. The
trapped carriers then function as local gates and electrostatically modulate the conductance of
the channel. The carriers in the semiconductor recirculate several times before the recombina-
tion of trapped carriers. Thus, photodetectors operating via photogating effect usually have a
high gain and responsivity, yet they suffer from slow response speed.
Graphene photodetectors based on photogating effect have been demonstrated. For instance,
Konstantatos et al. presented hybrid graphene-quantum dot phototransistors, as shown in




Figure 1.4: (a) Device schematic and photodetection mechanism of the graphene-quantum
dot hybrid phototransistor. (b and c) Spectral responsivity of devices with PbS quantum dots
of different sizes. b and c, reproduced with permission from ref 46. Copyright 2012, Nature
Publishing Group.
Figure 1.4a [46]. Here, the lead sulphide (PbS) colloidal quantum dots absorb the incident
light and generate photocarries. These carriers are transfered to graphene, while oppositely
charged carriers remain trapped in the quantum dot layer and modulate the conductance of the
graphene sheet through photogating effect. Figure 1.4b and1.4c plot the responsivity spectrum
for devices containing PbS quantum dots of different sizes with exciton peaks at ∼950 nm and
∼1450 nm, respectively. These devices achieve responsivities as high as ∼5×107 AW−1 with
response times of ∼2 s.
Another example of a photodetector operating via photogating effect can be seen in Figure
1.5a [47]. This device consists of two graphene layers sandwiching a thin tunnel barrier. The
photocarriers generated in the top graphene layer tunnel into the bottom layer, and the trapped
charges on the top graphene layer lead to a photogating effect on the bottom graphene channel
layer. Broadband photodetection from visible to MWIR wavelengths was achieved using this
architecture. A 5-nm-thick tantalum oxide (Ta2O5) tunnel barrier was used for the visible
region, and responsivities of up ∼1000 AW−1 were obtained at λ = 532 nm. A silicon (Si)
tunnel barrier, which allows for the tunneling of lower-energy electrons, was used to extend the
operation wavelength to MWIR region. A responsivity of ∼1.1 AW−1 was obtained at λ =
3.2 µm. In another study, pentacene (an organic semiconductor with a bandgap of 1.76 eV)
was used as the light absorbing layer to demonstrate a graphene-based flexible photodetector
operating through photogating effect, as shown in Figure 1.5b [48]. The gold (Au) nanoparticles
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Figure 1.5: Examples of photodetectors operating via photogating effect. (a) Graphene
double-layer heterostructure photodetector. Reproduced with permission from ref 47. Copy-
right 2014, Nature Publishing Group. (b) Pentacene-graphene hybrid photodetector. Repro-
duced with permission from ref 48. Copyright 2015, American Chemical Society.
were employed for light absorption enhancement in the pentacene layer, as will be discussed later
in this chapter. A responsivity of ∼700 AW−1 was achieved at λ = 520 nm.
1.3.4 Photo-Thermoelectric Effect
The photo-thermoelectric effect (PTE) happens when non-uniform heating induced by illumi-
nation leads to a temperature difference (∆T ) between the two sides of the channel. A voltage
difference, referred to as photo-thermoelectric voltage (VPTE), can be created by this temper-
ature different via the Seebeck effect. VPTE can be expressed as VPTE = (S1 − S2)∆T , where
S1 and S2 are the Seebeck coefficients of the two sides of the channel. A current through the
channel can be produced by the PTE at zero applied bias. It also bypasses the bandgap restric-
tion in the previously discussed mechanisms. It should be noted that the photo-thermoelectric
effect does not occur in a uniform semiconductor. The temperature gradient can be obtained by
local illumination or by global illumination of a device for which different parts have different
absorption coefficients.
For instance, Xu et al. observed PTE in a device consisting of monolayer-bilayer graphene
heterostructure, as shown in Figure 1.6a [49]. Here, the difference in the density of states of
the monolayer and bilayer graphene gives rise to S1 6= S2 and thus the PTE. In another study,
plasmon assisted PTE was used for LWIR photodetection based on graphene [50], as shown
in Figure 1.6b. In this device, the monolayer graphene channel is partially nanopatterned.
Plasmonic resonances lead to a higher temperature rise in the patterned area upon illumination.
This generates a large temperature gradient between the patterned and unpatterned regions,
and thus, creates a large Seebeck voltage, as shown in Figure 1.6c. This device exhibits a high
responsivity of 2900 VW−1 and detectivity of 1.1×109 Jones with a fast response time of ∼100
ns at the 8-12 µm spectral region at room temperature.
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Figure 1.6: Examples of photodetectors operating via photo-thermoelectric effect. (a)
Schematic of the monolayer-bilayer graphene heterostructure device. Reproduced with per-
mission from ref 49. Copyright 2010, American Chemical Society. (b) Schematic of the device
with plasmon-assisted hot carrier generation in an asymmetrically nanopatterned graphene. (c)
The simulated temperature and potential profiles of the device in panel b. Reproduced with
permission from ref 50. Copyright 2019, Nature Publishing Group.
1.3.5 Bolometric Effect
The resistance change of a material induced by uniform heating under illumination leads to the
bolometric effect. The magnitude of this effect is determined by the temperature dependence
of the conductance (dG/dT ) and the illumination-induced temperature rise (∆T ). Graphene is
particularly suitable for bolometers. Its small electron heat capacity and weak electron-phonon
coupling lead to large light-induced changes in electron temperature, and high performance
bolometers have been demonstrated based on graphene [51–53]. For example, Yuan et al.
demonstrated a broadband IR graphene bolometer [54]. The graphene layer was encapsulated
in hBN to protect it from contamination during fabrication. Figure 1.7a plots the conductance as
a function of gate voltage with varying temperature. The responsivity of the device to different
wavelengths is plotted in Figure 1.7b. This device shows responsivities of 5.1-1.4 mA/W in the
3.4-12 µm wavelength range at room temperature.
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Figure 1.7: (a) Temperature dependent conductance of the hBN-encapsulated graphene
bolometer as a function of gate voltage and an optical micrograph of the device (scale bar:
5 µm). (b) Room-temperature responsivity as a function of gate voltage for different IR wave-
lengths. Reproduced with permission from ref 54. Copyright 2020, American Chemical Society.
1.4 Plasmonics & Plasmonic Nanoantennas
Surface plasmons are the coherent and collective oscillations of free electrons at metal surfaces
excited by the incident light [55–57]. They fall into two categories based on their propagation
characteristics: surface plasmon polaritons (SPPs), which are propagating surface plasmons at
the metal-dielectric interfaces, and localised surface plasmons (LSPs), which are confined in
metal nanostructures. These phenomena can lead to near-field light intensity enhancement [58].
Hence, they can be used for improving the performance of photodetectors by enhancing the light
absorption in the photosensitive material. In this section, we briefly discuss these phenomena
and also provide some examples of their application in conventional photodetectors.
1.4.1 Surface Plasmon Polaritons (SPPs)
Surface plasmon polaritons (SPPs) are charge density oscillations propagating at the interface
between a dielectric and a metal, as shown in Figure 1.8a. It can be shown that SPPs are








where kSPP is the propagation constant of the surface plasmons, ω is the angular frequency of
light, c0 is the speed of light in vacuum, and εm and εd are the dielectric constants of the metal
and dielectric, respectively. Together with the frequency dependence of εm(ω) and εd(ω), the
dispersion relation ω(kSPP ) can be derived. This relation, along with the wavevector of light






Figure 1.8: (a) Schematic illustration of SPPs at a metal-dielectric interface. Reproduced
with permission from ref 45. Copyright 2020, The Royal Society of Chemistry. (b) Dispersion














Figure 1.9: (a) Excitation of surface plasmons by the diffraction grating method. (b) Disper-
sion diagram illustrating the phase-matching condition.
in the dielectric (kd = ω/cd), is sketched in Figure 1.8b, assuming that εd(ω) is constant. Since
εm is a complex value, kSPP is also complex. Its real part is related to the effective refractive
index of the surface plasmons, and the imaginary part is associated with their attenuation.
In order for the SPPs to be excited, momentum and energy conservation, i.e., kd = kSPP and
ωd = ωSPP , must be satisfied. However, as shown Figure 1.8b, kSPP sits below kd with the only
crossing at (k, ω) = (0, 0). Consequently, SPPs cannot be excited by the direct illumination
of light, and a momentum transfer has to be established in order to excite them. To this end,
several approaches including prism, grating, and waveguide coupling can be taken. Grating
coupling is discussed here.
A diffraction grating can be employed to modify the in-plane wavevector of the incident light
so that it matches the SPP wavevector, as shown in Figure 1.9. The diffraction grating scatters
the incident light and shifts kx by an integer multiple of the grating wavenumber (G). The
coupling condition for the mth diffraction order (m = 0,±1,±2, ...) can be expressed as [59]:




where θ is the incident angle and Λ is the grating period. For normal incidence (θ = 0) and first
diffraction order (m = 1), the SPP excitation wavelength is approximately equal to the grating
period.
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Figure 1.10: (a) Schematic of the Si photodiode integrated with bull’s eye grating. (b)
Photocurrent for devices with and without grating. Reproduced with permission from ref 61.
Copyright 2005, The Japan Society of Applied Physics.
Figure 1.11: Schematic illustration of localised surface plasmon resonances in metallic parti-
cles. Reproduced with permission from ref 45. Copyright 2020, The Royal Society of Chemistry.
SPPs exited by metal gratings have been employed in conventional photodetectors [60]. For
example, Ishi et al. reported a silver (Ag) grating-integrated Si Schottky photodiode with a
subwavelength active area, as shown in Figure 1.10a [61]. The SPPs excited by the bull’s eye
grating, which also acts as the Schottky electrode, lead to light intensity enhancement in Si
sitting at the aperture. The photocurrent at λ = 840 nm for devices with and without grating
are compared in 1.10b. The grating leads to a several tenfold increase in photocurrent.
1.4.2 Localised Surface Plasmons (LSPs)
As discussed above, SPPs are propagating oscillations of free electrons at metal-dielectric in-
terfaces coupled to incident electromagnetic waves. localised surface plasmons (LSPs), on the
other hand, are surface charge oscillations confined in metallic nanostructures in response to
incident electromagnetic fields and the restoring force generated at the boundaries of the nanos-
tructures, as depicted in Figure 1.11. These oscillations are also referred to as localised surface
plasmon resonances (LSPRs). Maximum oscillation occurs when the frequency of the incident
light matches the intrinsic frequency of the nanostructure, which is determined by its geometry
and material. At the resonance wavelength, the electromagnetic fields can be strongly confined
in small volumes, which leads to considerable light intensity enhancement around the surface of
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the nanostructures [56]. In contrast to SPPs, LSPRs can be excited by direct light illumination
without the need for phase-matching techniques. LSPRs convert free-propagating optical radia-
tion to localised energy and vice versa, and thus, plasmonic nanostructures can be considered as
nanoantennas, since they operate in a similar way to radio antennas but at optical frequencies.
Gold and silver are good choices for plasmonic nanoantennas at optical frequencies due to their
good metallic properties and low absorption.
The conduction electrons of a metallic nanoparticle interact with the electromagnetic field of
the incident light through scattering and absorption. Assuming a metallic particle embedded
in a lossless dielectric medium, the total fields can be written as a superposition of incident
and scattered fields, i.e., Etot = Einc + Esca and Htot = Hinc + Hsca [56, 62]. The total power
flowing through the system can be described by the time-averaged Poynting vector Stot =
1/2 Re{Etot ×H∗tot} which leads us to the conservation of energy expressed as
Stot = Sinc + Ssca + Sext, (1.3)
where Sinc = 1/2 Re{Einc ×H∗inc} and Ssca = 1/2 Re{Esca ×H∗sca} are the Poynting vectors
corresponding to the incident and scattered waves, and the term Sext = 1/2 Re{Einc ×H∗sca +
Esca ×H∗inc} describes the extinct electromagnetic power arising due to the interference of the
incident and scattered fields.
The energy absorbed and scattered by the particle can be obtained by integrating equation
1.3 through any closed surface Γ containing the particle. Assuming that the incident light is a
plane wave,
∫
Γ Sinc.ds = 0. The total power flowing into Γ describes the power absorbed by the
particle, i.e., Wabs = −
∫
Γ Stot.ds. This leads us to Wext = Wabs+Wsca, where Wsca =
∫
Γ Ssca.ds
is the energy scattered by the particle and Wext = −
∫
Γ Sext.ds is the energy extinct in the
scattering process. Hence, we can conclude that Wext represents the total energy removed from
the incident field by both scattering and absorption.
As discussed above, absorption and scattering remove energy from the incident electromagnetic
field. Hence, effective cross sections can be defined as σabs = Wabs/|Sinc| and σsca = Wsca/|Sinc|.
Furthermore, energy conservation leads us to definition of the extinction cross section as σext =
Wext/|Sinc| = σabs+σsca. σext describes the total effective interaction area of the electromagnetic
fields and the particle. An efficiency factor (Q) can be defined by normalizing the cross section
(σ) to the physical cross-sectional area (A) of the particle projected onto a plane perpendicular
to the direction of illumination, i.e., Q = σ/A. For instance, assuming that for a nanoparticle
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Figure 1.12: Electric field enhancement by gold nanorods through LSPRs and the charge
distributions. Reproduced with permission from ref 56. Copyright 2011, American Chemical
Society.
Qext = 5 at resonance, then the σext for the nanoparticle is five times larger than its physical
cross section, implying that the light-particle interaction area is five times larger than the actual
size of the particle. This behaviour, caused by LSPRs, leads to strong interaction between light
and nanoparticles, allowing us to consider them as optical nanoantennas.
A good nanoantenna must have a large cross section enabling it to collect electromagnetic energy
from the incident radiation, and also, it must transfer most of that energy to its vicinity and give
rise to a large near-field enhancement. Rod-shaped nanoparticles, are a potentially good choice
for this purpose. The plasmonic resonance of a metal nanorod with a length of l, can be expressed
by sin(keff l) = 0, where keff = 2π/λeff is the resonance wavevector along the polarization
direction. Hence, l = n2λeff , where n is any integer number [56], noting that normally incident
plane wave can couple to the resonance only for odd values of n. For example, Figure 1.12
depicts the simulated field enhancement (|E|2/|Ei|2), around a gold nanorod with dimensions
400×100×50 nm3 for its three lowest LSPRs [56]. The colour represents the enhancement from
0.1 (blue) to 100 (red). The resonant wavelengths of these LSPRs are λ = 1375, 770, and 630 nm.
The lowest LSPR (n = 1, l = λeff/2, half-wave resonance) is the most intense one. The electric
field, has a maximum outside the ends of nanorod. The induced charges, given by the divergence
of the electric field, have a dipolar distribution. This also applies to higher order resonances
n = 2 and 3, as shown in this figure. The excitation of LSPRs in nanorods leads to huge field
enhancement close to the nanoantenna. The relation between the free space wavelength of the
incident light, λ, and the effective wavelength of the plasmonic mode supported by the antenna,
λeff , is determined by the plasmonic effects and the dielectric properties of the metal structure
and its surroundings as well as the shape of the nanoantenna. Arranging nanorod antennas in
a linear array with nanoscale gaps between them improves the field enhancement functionality
of the structure by concentrating light in the nanogaps [63, 64].
The light intensity enhancement provided by LSPRs have also been used in photodetection. For




Figure 1.13: (a and b) Schematic of the Ge photodetector integrated with Au nanoantennas.
(c) Electric field intensity profile at λ = 1345 nm. (d) Photocurrent under different polarizations.
Reproduced with permission from ref 65. Copyright 2008, Nature Publishing Group.
instance, Tang et al, demonstrated a nanoscale germanium (Ge) photodetector integrated with
rod (also called bar and dipole) nanoantennas, as shown in Figure 1.13a and 1.13b [65]. The
gap separating the two rods is 60 nm. Figure 1.13c shows the calculated electric field intensity
profile under y-polarized illumination with ldipole = 160 nm at λ = 1345 nm. Figure 1.13d plots
the spectral photocurrent of the device for x-polarized and y-polarized illumination, along with
their ratio. The antennas only resonate under y-polarized illumination, and thus, a much higher
photocurrent is obtained for this polarization.
1.5 Photodetectors Based on 2D Materials
A brief literature review on the photodetectors based on 2D materials with an emphasis on
infrared detectors is provided in this section.
1.5.1 Graphene
As mentioned earlier, graphene absorbs light in a broad spectral range from UV to terahertz
(THz) due to its zero bandgap. Also, despite being atomically thin, it absorbs 2.3% of incident
visible photons [41]. Furthermore, graphene features a large carrier mobility up to 2.5×105
cm2V−1s−1. As a result, graphene photodetectors are capable of operating at high frequencies
up to 500 GHz [1]. Graphene phototransistors with metal-semiconductor-metal lateral configu-
ration, lying on silicon dioxide (SiO2)/Si substrates, were the first generation to be investigated.





Figure 1.14: (a) AFM image of the graphene photodetector with four gold electrodes. (b)
Photocurrent map of the device shown in panel a taken at Vds = Vgs = 0 V. (c) Output
characteristics measured in the dark and with the laser positioned at the points marked in
panel b. a–c, reproduced with permission from ref 66. Copyright 2008, Nature Publishing
Group. (d) Schematic of a graphene photodetector with asymmetric electrodes. Reproduced
with permission from ref 27. Copyright 2010, Nature Publishing Group.
Early studies showed that a photocurrent can be generated by local illumination of one of the
metal/graphene junctions, which was ascribed to the photovoltaic effect [17].
Lee et al. carried out photocurrent mapping to investigate the photocurrent generation mech-
anism in graphene field effect transistors [66]. They found that the separation and collection
of photogenerated electron-hole pairs were possible without an external bias. They attributed
this observation to the built-in electric field formed at the metal-graphene interfaces. Figure
1.14a shows an atomic force microscope (AFM) image of the graphene device, and Figure 1.14b
depicts the photocurrent map of this device at λ = 514.5 nm. High photocurrent is generated
when the areas close to electrodes are illuminated. The current passing through the device in
the dark and under illumination of the two contact areas are compared in Figure 1.14c.
As discussed above, the built-in potential at the graphene-metal junction plays a crucial role
in carrier separation and current generation. Nonetheless, symmetric metal electrodes are not
efficient for this purpose due to the reverse direction of the two electric fields [13]. Mueller et al.
circumvented this issue deploying asymmetric electrodes, as shown in Figure 1.14d [27] . They
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Figure 1.15: (a) SEM micrograph and schematic of the LWIR photodetector based on
graphene nanoribbon arrays. Reproduced with permission from ref 67. Copyright 2013, Nature
Publishing Group. (b) Schematic of the broadband photodetector based on graphene quantum
dots. Reproduced with permission from ref 68. Copyright 2013, Nature Publishing Group. (c)
Schematic of the graphene photodetector with lateral p-n junction. Reproduced with permission
from ref 69. Copyright 2014, American Chemical Society.
used titanium (Ti) for one contact and palladium (Pd) for the other one. They demonstrated
that this facilitates carrier transport between the electrodes since the Fermi level of graphene
(4.5 eV) lies between the work functions of these metals. This device exhibits a responsivity of
6.1 mA/W under an external bias of 0.4 V at λ = 1.55 µm.
Later works attempted to boost the performance of graphene photodetectors through material
shaping and band structure engineering. Freitag et al. for instance, patterned graphene into
nanoribbons to excite its intrinsic plasmons, which form plasmon-phonon modes with the SiO2
substrate [67]. Upon the decay of these modes, electron and phonon temperatures in graphene
rise, which lead to a changes in the electrical conductivity and thus a photocurrent. A scanning
electron microscope (SEM) image of this device and its schematic are shown in Figure 1.15a.
This device was used for detecting light at the LWIR wavelength of λ = 10.6 µm. In another
work, Zhang et al. enhanced the responsivity of graphene photodetectors by patterning the
graphene into quantum dots, as shown in Figure 1.15b [68]. The patterning introduces a bandgap
in graphene through quantum confinement. It also creates electron trapping sites in the band
structure of graphene. These lead to high photoconductive gain and thus high responsivity. This
device exhibits a broadband photoresponse from visible to LWIR wavelengths. Also, it shows a
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high photoresponsivity of 8.61 AW−1 to green light (at λ = 532 nm) for a drain bias of 0.1 V,
which is three orders of magnitude higher than those for pristine graphene photodetectors.
As discussed already, photodiodes typically outperform photoconductors in terms of speed and
noise performance. Hence, various techniques have been investigated for creating p-n junctions
along the device channel [70, 71]. Liu et al., for example, demonstrated a transparent and
flexible NIR graphene photodiode by selectively doping the graphene channel [69], as shown in
in Figure 1.15c. One side of the inherently p-doped graphene was covered by an n-dopant to
create a lateral p-n junction.
1.5.2 Transition Metal Dichalcogenides (TMDs)
Transition Metal Dichalcogenides (TMDs) are another group of 2D materials that have gained
popularity for photodetection. They possess the formula MX2, where M is a transition metal
such as molybdenum (Mo) and tungsten (W) and X is a chalcogen atom such as sulfur (S),
selenium (Se), and tellurium (Te). Each TMD layer consists of one layer of M atoms covalently
bonded to two layers of X atoms on either side. As in the case of graphene, the TMD layers are
held together through weak van der Waals interactions [72].
MoS2 is the most studied TMD [32, 73]. Monolayer MoS2 features a direct bandgap of ∼1.82
eV, making it well-suited for the detection of visible light. Lopez-Sanchez et al. achieved a high
responsivity of 880 A/W at a wavelength of 561 nm using a monolayer-MoS2 phototransistor
[31]. The schematic of this photoconductor and its spectral responsivity are shown in Figure
1.16. The responsivity is negligible beyond λ = 680 nm, corresponding to the bandgap of
monolayer MoS2. This device is able to detect light with a broad range of wavelengths from 400
to 680 nm. The number of layers has a substantial effect on the bandgap of MoS2; bilayer and
trilayer MoS2 display bandgaps of ∼1.65 and ∼1.35 eV, respectively [74]. Visible photodetectors
based on other TMDs such as tungsten disulfide (WS2) [75] and WSe2 [33, 76, 77] have also
been demonstrated.
Recently, 2D noble-transition-metal dichalcogenides (NTMDs) including platinum diselenide
(PtSe2) [78–80], palladium diselenide (PdSe2) [81–83], and platinum disulfide (PtS2) [84] have
been explored for IR detection. These materials have narrower bandgaps than other TMDs such
as MoS2, which makes them suitable for IR detection. They also possess appealing properties
such as air stability, thickness-tunable bandgap, and relatively high carrier mobility [85]. PtSe2,
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Figure 1.16: (a) Schematic of the monolayer MoS2 photoconductor. (b) Responsivity spec-
trum of the MoS2 device. Reproduced with permission from ref 31. Copyright 2013, Nature
Publishing Group.
(a) (b)
Figure 1.17: Photoresponse of (a) monolayer and (b) bilayer PtSe2 photodetectors to various
wavelengths. Optical micrographs of the devices are shown in the inset (scale bar: 20 µm.
Reproduced with permission from ref 87. Copyright 2018, Nature Publishing Group.
for instance, is a semiconductor with indirect bandgaps of ∼1.2 eV and ∼0.3 eV when in
monolayer and bilayer forms, respectively, and it is a semimetal with zero bandgap for thicker
flakes [86]. Yu et al. demonstrated a PtSe2-based photodetector with broadband response
from visible to LWIR wavelengths [87]. They found that the bandgap of bilayer PtSe2 can be
narrowed to the LWIR region (∼0.11 eV) by controlled defect engineering. The photoresponse
of monolayer and bilayer PtSe2 to various wavelengths are plotted in Figure 1.17a and 1.17b,
respectively. Monolayer PtSe2 photodetector shows photoresponses of 0.9 and 0.15 A/W for
light with wavelengths of 632 nm and 1.47 µm, respectively, yet the responsivity is very poor
at a wavelength of 10 µm due to the large bandgap of monolayer PtSe2. By contrast, bilayer
PtSe2 displays much higher responsivities of 6.25, 5.5, and 4.5 A/W to visible, NIR, and LWIR
illumination.
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Figure 1.18: Spectral responsivity of the bP photodetector for different polarizations. Repro-
duced with permission from ref 28. Copyright 2019, American Chemical Society.
1.5.3 Black Phosphorus (bP)
Black phosphorus (bP) is another 2D layered material that has attracted a lot of research
attention recently. It is a p-type semiconductor with a narrow and direct bandgap of ∼0.31 eV
(λ = 4 µm) in multilayer form, which makes it an intriguing material for IR optoelectronics [39,
88]. For instance, Guo et al. demonstrated bP MWIR detectors at 3.39 µm with a responsivity
of 82 A/W [29]. BP suffers from surface degradation in air [89]. Hence, a thin passivation layer is
usually used in bP devices. Wang et al. studied the spectral responsivity of bP photoconductors
[28]. To protect the bP layer from degradation, they deposited a 1-nm-thick aluminum (Al)
layer on top, which naturally forms an aluminum oxide (Al2O3) passivation layer. The spectral
responsivity of this device is shown in Figure 1.18. Bp has an asymmetric crystal structure which
leads to optical anisotropy. The light absorption in the direction with armchair (AC) atomic
arrangement is larger than that in the zigzag (ZZ) direction. This anisotropy can be seen in the
responsivity of the photodetector here. Particularly at IR wavelengths, the responsivity along
the AC direction is ∼1000 larger than that along the ZZ direction.
MWIR photodetectors have also been reported based on black arsenic phosphorus (bPAs), which
is an alloy of black phosphorus with arsenic atoms [90]. Amani et al., for instance, extended
the cutoff wavelength of bP photodetectors to 4.6 µm using this method [91]. This can be seen
in Figure 1.19, which plots the spectral detectivity of bP and bPAs devices.
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Figure 1.19: Spectral detectivity of bP and bPAs photodetectors. Reproduced with permission
from ref 91. Copyright 2017, American Chemical Society.
1.6 Photodetectors Based on 2D Heterostructures
The layered structure of 2D materials and their atomically smooth, dangling-bond-free surfaces
enable their integration into vertical heterostructures without the “lattice mismatch” limita-
tions, which is typically seen in heterojunctions based on conventional, bulk materials. This
feature has been exploited in photodetection.
Transparent and high-mobility graphene layers have been employed as electrodes in photode-
tectors to efficiently separate and collect the photogenerated carriers in the photoactive 2D
material [25]. Yu et al., for instance, demonstrated a graphene/MoS2/graphene heterostructure
photodetector, as shown in Figure 1.20a [24]. The optical micrograph and SEM image of a
typical device are depicted in Figure 1.20b and 1.20c, respectively. The ID-VD characteristics
of this device in dark and under illumination (λ = 514 nm) for different gate voltages are plot-
ted in Figure 1.20d. As MoS2 is an n-type semiconductor, the photocurrent increases with a
decrease in the back gate voltage. The photocurrent map of the device for VBG = − 60 V
is depicted in Figure 1.20e. This device architecture provides a much broader junction area
for efficient photocarrier generation and collection in comparison with lateral metal contacts,
and thus, it improves the device performance. In another work, Zhang et al. used the same
configuration to demonstrate a NIR photodetector based on graphene-molybdenum ditelluride
(MoTe2)-graphene heterostructures [92]. MoTe2 is a semiconductor with an indirect bandgap
of 1 eV in its multilayer form.
Another application of graphene heterostructures is in 2D photodetectors operating via pho-
togating effect [93, 94]. For instance, Yu et al. demonstrated a NIR photodetector based on
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Figure 1.20: (a) Schematic of the graphene/MoS2/graphene heterostructure photodetector.
(b) Optical micrograph of the device. (c) False-colour SEM image of the device. (d) ID-VD
characteristics in dark and under illumination. (e) Photocurrent map at VBG = − 60 V.
Reproduced with permission from ref 24. Copyright 2013, Nature Publishing Group.
(a) (b)
Figure 1.21: (a) Schematic of the MoTe2/graphene NIR photodetector. (b) Photoresponse of
the MoTe2/graphene and pure MoTe2 devices at λ = 1064 nm. Reproduced with permission
from ref 95. Copyright 2017, Wiley-VCH.
graphene/MoTe2 heterostructure, as shown in Figure 1.21a [95]. In this device configuration,
the electron-hole pairs generated in the MoTe2 layer are separated by the built-in electric field
at the MoTe2/graphene interface. Holes are transferred to the graphene layer and electrons are
trapped in the localised states in MoTe2. This leads to photogating effect in this device and thus
a much higher photoresponse compared with pure MoTe2 photodetectors, as shown in Figure
1.21b. This device exhibits a responsivity of 970 A/W at λ = 1064 nm. In another work, Kim et
al. demonstrated a broadband IR photodetector based on bismuth selenide (Bi2Se3)/graphene
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Figure 1.22: (a) Optical micrograph of the Bi2Se3/graphene IR detector. (b) Photocurrent
map of the device at λ = 800 nm. Reproduced with permission from ref 96. Copyright 2017,
American Chemical Society.
heterostructures, as shown in Figure 1.22a [96]. Bi2Se3 is a small-bandgap (∼ 0.3 eV) topologi-
cal insulator. In this device, the Bi2Se3 acts as a broadband IR light absorber and supplies holes
to the graphene, and graphene acts as a high-mobility charge transport layer. The strong pho-
togating across the Bi2Se3/graphene interface leads to high responsivity of 1.97 and 8.18 A/W
at λ = 3.5 and 1.3 µm, respectively. Figure 1.22b, which depicts the photocurrent map of the
device at λ = 800 nm, shows that the photocurrent is mainly generated at the heterojunction
area.
As mentioned earlier, photodiodes operating in the photovoltaic mode benefit from lower noise
and higher speed in comparison with photoconductors. Vertical heterojunctions of p-type and
n-type 2D materials have been used for this purpose. For example, Lee et al. demonstrated
visible photodiodes based on WSe2/MoS2 heterostructures, as shown in Figure 1.23a, where
WSe2 is a p-type and MoS2 an n-type semiconductor [97]. These heterostructures display gate-
tunable current rectification, as shown in Figure 1.23b. These vertical heterostructures provide
a broad junction for photocurrent generation.
BP/MoS2 heterojunction is another widely investigated structure, where bP and MoS2 serve
as the p-type and n-type semiconductors, respectively. These photodiodes have been employed
for visible and NIR photodetection [98, 99]. Bullock et al. demonstrated high performance
MWIR photodiodes based on BP/MoS2 heterojunctions [100]. The schematic and an optical
micrograph of these devices are illustrated in Figure 1.24a and 1.24b, respectively. The bottom
Au electrode acts as a mirror and forms an optical cavity to enhance the light absorption in bP.
Figure 1.24c depicts a false-colour transmission electron microscope (TEM) image of the device
and those of the bP/MoS2 and bP/Au interfaces. The layered structure of bP and MoS2 can
be seen here. The amorphous POx layer results from surface oxidation of bP during fabrication
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Figure 1.23: (a) Schematic and optical micrograph of the WSe2/MoS2 photodiode. (b) Id-Vd
characteristics at various gate voltages measured across the junction (between contacts D1 (+)
and S1 (-) in panel a). Inset: Id-Vg characteristics at Vds = 0.5 V for individual monolayers of
Mos2 (blue curve, measured between S1 and S2) and WSe2 (red curve, measured between D1
and D2). Reproduced with permission from ref 97. Copyright 2014, Nature Publishing Group.
and degrades the device performance. The rectifying I-V characteristics of the device and the
device current in dark and under illumination by a blackbody source are plotted in Figure 1.24d.
The detectivity spectrum of this device, which is obtained using a Fourier-transform infrared
(FTIR) spectrometer, is compared to those of commercial devices in Figure 1.24e. This device
shows a peak responsivity of 0.9 A/W at λ = 2.5–3.5 µm and a peak detectivity of 1.1×1010
Jones at λ = 3.8 µm at room temperature.
Light-emitting diodes based on the p-n junctions formed at 2D heterostructures have also
been demonstrated. For instance, Cheng et al. studied the electroluminescence (EL) from
WSe2/MoS2 heterostructures [34]. Wang et al. demonstrated an MWIR LED based on bP/MoS2
heterojunctions [30]. The schematic and optical micrograph of the device are depicted in Figure
1.25a and 1.25b, respectively. Figure 1.25c plots the photoluminescence (PL, excited at λ = 808
nm) and EL spectra of the device. This LED exhibits maximum internal and external quantum
efficiencies of ∼1% and ∼0.03%, respectively, at λ = 3.68 µm at room temperature.
1.7 Light Absorption Enhancement in 2D Material
As discussed earlier, light absorption in 2D materials is inherently poor due to their atomic
thinness. This leads to low responsivity in 2D material-based photodetectors. To overcome this





Figure 1.24: (a-c) Schematic, optical micrograph, and TEM images of the BP/MoS2 pho-
todiode, respectively. (d) I-V characteristics of the device in dark and under illumination.
(e) Detectivity spectrum of the device compared with those of more established technologies.
Reproduced with permission from ref 100. Copyright 2018, Nature Publishing Group.
issue and enhance the light-matter interaction in these materials, various nano-optical techniques
have been employed. These include integration of 2D materials with plasmonic nanostructures,
optical waveguides, and optical cavities. In this section, we review the significant literature on
this topic.
1.7.1 Plasmonic Nanostructures
Plasmonic nanoantennas can confine light in small volumes and thus enhance the near-field
intensity through localised surface plasmon resonances (LSPRs). Accordingly, they have been
commonly integrated with 2D materials to enhance their photodetection performance.




Figure 1.25: (a and b) Schematic and optical micrograph of the bP/MoS2 LED, respectively.
(c) PL and EL spectra of the device. Reproduced with permission from ref 30. Copyright 2020,
American Chemical Society.
Metallic nanoantennas with well-defined shapes and sub-100-nm gaps can be fabricated directly
on the 2D material via electron beam lithography (EBL), metallization, and liftoff [101–104].
For instance, Fang et al. demonstrated a visible–NIR graphene photodetector consisting of
heptamer nanoantennas sandwiched between two graphene monolayers, as depicted in Figure
1.26a [105]. First, the nanoantennas were fabricated using EBL on the bottom graphene layer,
and then, the top layer was transferred onto the nanoantennas. The SEM image of the device
is shown in Figure 1.26b. Figure 1.26c plots the photocurrent as a function of scan position
for devices with heptamer and dimer nanoantennas and also the device without nanoanten-
nas at λ = 785 nm. The photocurrent of the device with heptamer nanoantennas is 8 times
larger than the device without nanoantennas. The polarization-dependent photocurrent for the
devices with heptamer and dimer nanoantennas are plotted in Figure 1.26d. In contrast to
dimer nanoantennas, the heptamer design shows polarization-independent behaviour. The pho-
tocurrent enhancement provided by these nanoantennas was attributed to two factors: (i) the
light-intensity enhancement, particularly in the nanoantenna gaps, which leads to absorption
and thus photocurrent enhancement; (ii) generation of hot electrons by plasmon decay in the
metallic nanostructures, their injection into graphene, and their collection by the electrodes.




Figure 1.26: (a) Schematic of the graphene photodetector including heptamer nanoantennas.
(b) SEM image of the device. (c) Photocurrent as a function of laser position for devices
with and without nanoantennas. (d) Polarization dependence of photocurrent for devices with
heptamer and dimer nanoantennas. (e) The contribution of hot electrons and field enhancement
to photocurrent in the device with heptamer nanoantennas. Reproduced with permission from
ref 105. Copyright 2012, American Chemical Society.
Figure 1.26e plots these components for the device with heptamer nanoantennas. The contribu-
tion of hot electrons was estimated by deducting the contribution of field enhancement, which
was calculated via simulations, from the total measured photocurrent. According to these calcu-
lations, the contribution of hot electrons is even larger than field enhancement. In another work,
periodic Au rod nanoantennas with 60 nm gaps, as shown in Figure 1.27a, were employed to
enhance the responsivity of graphene photodetectors at MWIR wavelength of λ = 4.45 µm [106].
Figure 1.27b illustrates the simulated light intensity profile in this structure. A large intensity
enhancement of ∼300 times is obtained in the nanoantenna gaps. Figure 1.27c compares the
photovoltage for devices with and without nanoantennas. A 200-fold responsivity enhancement
is achieved using the nanoantennas. According to simulations, the nanoantennas enhance the
graphene absorption by 4–5 times. The additional 40–50 times responsivity enhancement was
attributed to the much more efficient carrier collection by the nanoantennas.
Plasmonic nanostructures with random shapes and distribution have also been used for light-
matter interaction enhancement in 2D materials. Drop casting metallic nanoparticles on the
device area is the commonly used approach for this purpose [107, 108]. For instance, Sobhani
et al. dispersed silica-gold nanoshells on a monolayer MoS2 to enhance its responsivity, as
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Figure 1.27: (a) Schematic of MWIR plasmonically-enhanced graphene photodetector. (b)
Normalized light intensity profile. (c) Photovoltage generated in the devices with and without
nanoantennas at λ = 4.45 µm. Reproduced with permission from ref 106. Copyright 2014,
American Chemical Society.
(a) (b)
Figure 1.28: (a) Schematic of Au nanoshells dispersed on MoS2 photodetector. (b) Photocur-
rent spectra of devices with and without plasmonic nanoshells. Reproduced with permission
from ref 109. Copyright 2014, AIP Publishing LLC.
illustrated in Figure 1.28a [109]. Photocurrent spectra of MoS2 before (red curve) and after
(green curve) dispersing Au nanoshells are plotted in Figure 1.28b. The photocurrent is 3 times
larger in the presence of nanoshells. A thin metal film agglomerates into discrete nanostructures
through thermal annealing [110]. Hence, another approach to form randomly-shaped plasmonic
nanostructures is annealing a thin metal film deposited on the 2D material [111]. For example,
Wu et al. achieved a 4-fold increase in the responsivity of garaphene photodetectors at λ =
632.8 nm by depositing a 4-nm-thick Au film on the graphene layer and annealing it at 200 ◦C




Figure 1.29: (a) Schematic of SWIR graphene photodetector decorated by Au nanoparticles.
(b) SEM image of the monolayer polystyrene spheres. (c) AFM image of Au nanoparticle array
after transfer onto graphene. (d) Photoresponse of the devices with and without Au nanoparticle
array at λ = 1.55 µm. Reproduced with permission from ref 115. Copyright 2017, American
Chemical Society.
[112]. A similar method was also used in visible few-layer MoS2 photodetectors [113].
Self-assembly techniques have also been used for lithography-less fabrication of plasmonic nanos-
tructure arrays in 2D material photodetectors [114]. Chen et al. employed such a method to
integrate Au nanostructures with graphene photodetectors, as shown in Figure 1.29a, to enhance
their SWIR (λ = 1.55 µm) photoresponse [115]. This plasmonic structure was fabricated by
nanosphere lithography. First, the surface-assembled polystyrene spheres were transferred onto
a substrate (Figure 1.29b); then, the Au layer was deposited; next, the spheres were removed
using sticky tape; and finally, the Au nanoparticles were transferred onto the pre-prepared
graphene layer using a wetting transfer method (Figure 1.29c). These plasmonic nanoparticles
lead to enhanced light absorption and photodetection. In addition, in this device, graphene is
in direct contact with Si. This creates a vertical built-in field, which sweeps the photogenerated
electrons out of graphene, enhances the lifetime of holes, and thus leads to responsivity enhance-
ment. The responsivity and photocurrent of the devices with and without Au nanoparticles are
compared in Figure 1.29d. The addition of nanoparticles leads to a 10-fold enhancement of
responsivity.
Wang et al. employed another lithography-less fabrication process to integrate Au nanoparticle
arrays with WS2/MoS2 heterostructure photodetector, as shown in Figure 1.30a [116]. Anodic
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Figure 1.30: (a) SEM image of WS2/MoS2 heterostructure photodetector covered with Au
nanoparticle array. Optical micrograph of the device and SEM image of Au nanoparticles are
included in the inset. (b) Photocurrent with and without Au nanoparticles. Reproduced with
permission from ref 116. Copyright 2018, Wiley-VCH.
aluminum oxide template was used for this purpose. First the template was transferred onto
a substrate; then, a 22 nm Au layer was deposited; next, the template was removed by sticky
tape; and finally, the Au nanoparticles were transferred onto the WS2/MoS2 device using a wet
transfer method. The photocurrent of devices with and without nanoparticles are plotted in
Figure 1.30b. The inclusion of nanoparticles leads to a 25-fold enhancement of responsivity.
LSPRs in metallic nanowires (NWs) have also been employed for light-matter interaction en-
hancement in 2D materials. Bang et al. demonstrated plasmonically enhanced photodetectors
based on monolayer MoS2 and Ag NWs, as shown in Figure 1.31a [117]. The dark-field micro-
graph of the device is depicted in Figure 1.31b. Figure 1.31c plots the photoresponse of devices
with and without Ag NWs at λ = 532 nm. A 250-fold enhancement in responsivity is achieved
using the Ag NWs. Figure 1.31d illustrates the schematic of monolayer MoS2 transferred onto
Ag NWs. LSPRs in the cross section of the NWs lead to light intensity enhancement.
Figure 1.32a illustrates another method for enhancing the response of graphene photodetectors
utilising LSPRs in boron-doped Si quantum dots (QDs) [118]. Broadband photodetection from
UV to MWIR wavelengths is achieved, as shown in Figure 1.32b. The photoresponses in the
MWIR and UV-NIR regions were attributed to different mechanisms. In the MWIR region, light
intensity enhancement provided by LSPRs in Si QDs leads to the excitation of photocarriers in
graphene. In UV to NIR region, the photocarriers are generated in Si QDs. One type of carriers
are injected into graphene while the other type gets trapped in QDs, leading to the photogating
effect.
Surface plasmon polaritons excited in metallic gratings have also been employed for the en-
hancement of 2D material photodetectors [119]. For example, Sourav et al. demonstrated a
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Figure 1.31: (a) Schematic of plasmonically-enhanced MoS2 photodetector using Ag NWs.
(b) Dark-field micrograph of the device. (c) Photoresponse of devices with and without Ag
NWs. (d) Schematic illustrating the light intensity enhancement provided by LSPRs in Ag
NWs for different NW densities. Reproduced with permission from ref 117. Copyright 2018,
American Chemical Society.
(a) (b)
Figure 1.32: (a) Schematic of Si QD-decorated graphene photodetector. (b) Noise equiva-
lent power and detectivity spectra of the device. Reproduced with permission from ref 118.
Copyright 2017, American Chemical Society.
large-scale MoS2 photodetector, where a split bull’s eye grating was used for enhancing the
photoresponse [120]. The top and side views of this photodetector and those of a reference
device are depicted in Figure 1.33a and 1.33b, respectively. The responsivity of these devices
are compared in 1.33c. A 6-fold responsivity enhancement is obtained using this structure.




Figure 1.33: (a and b) Schematic of the MoS2 photodetector integrated with the bull’s eye
grating and that of the reference device, respectively. (b) Responsivity of these devices at λ =
405 nm. Reproduced with permission from ref 120. Copyright 2018, Wiley-VCH.
1.7.2 Optical Waveguides
Another approach to enhance the light absorption in 2D materials is to integrate them with
optical waveguides [121, 122]. In this method, the evanescent light propagating through the
waveguide gets coupled to and thus absorbed by the 2D material. Hence, in this architecture,
the light-matter interaction is not limited by the thinness of the 2D material as in the case of
normal illumination.
Various high-speed graphene photodetectors integrated with Si waveguides with potential appli-
cations in optical communications have been demonstrated [123–127]. For example, Gan et al.
proposed the architecture shown in Figure 1.34a, which includes a graphene layer transferred
onto a planarized silicon-on-insulator waveguide [128]. Figure 1.34b shows the SEM image of
this device. One of the metal electrodes is positioned closer to the waveguide, so that the waveg-
uide mode is coupled to the graphene-metal junction which efficiently separates and collects the
photocarriers at zero bias. This can be seen in 1.34c, which shows the simulated electric field
profile of the waveguide mode. This detector exhibits a responsivity of 0.1 A/W in the 1.450–
1590 nm wavelength range with an ultrafast response speed of 20 GHz. In another study, a
waveguide integrated, plasmonically enhanced metal/graphene/Si Schottky photodetector was
demonstrated, as shown in Figure 1.35a [129]. This structure supports the SPP waveguide
mode, which leads to light intensity enhancement at the Schottky interface, as shown in Figure
1.35b. At reverse bias of 3 V, this device achieves a responsivity of 0.37 A/W at λ = 1.55 µm.
Si waveguides have also been integrated with bP photodetectors [130]. Chen et al., for instance,
demonstrated a bP photodetector integrated with a hybrid optical structure, which consists of a
silicon waveguide grating and a metallic plasmonic grating, as shown in Figure 1.36a [131]. Here,




Figure 1.34: (a) Schematic of Si waveguide-integrated graphene photodetector. (b) False-
colour SEM image of the device. (c) Simulated electric field. The red line shows the field
intensity at the graphene position. Reproduced with permission from ref 128. Copyright 2013,
Nature Publishing Group.
(a) (b)
Figure 1.35: (a) Schematic of the metal/graphene/Si Schottky photodetector. (b) Simulated
light intensity profile of the SPP waveguide mode supported by a this structure at λ = 1.55
µm. Reproduced with permission from ref 129. Copyright 2016, American Chemical Society.
(a)
(b)
Figure 1.36: (a) Schematic of the bP photodetector integrated with a silicon waveguide
grating and a metallic plasmonic grating. (b) Simulated optical intensity profile at λ = 1.55
µm. Reproduced with permission from ref 131. Copyright 2017, American Chemical Society.




Figure 1.37: (a and b) Schematic of the waveguide-integrated MWIR bP photodetector.
(c) Simulated electric field distribution at λ = 3.78 µm. (d) Spectral responsivity of different
devices. Reproduced with permission from ref 132. Copyright 2018, American Chemical Society.
the silicon waveguide is patterned into a grating so that the IR light propagating through it can
get coupled to the plasmonic grating, which is located on a spacer layer above the waveguide.
The light received by metallic grating is then converted to SPPs and concentrated into its sub-
100 nm gap where bP is sitting, as depicted in Figure 1.36b. This device shows a fast response,
arising from its ultrashort channel, and a high responsivity of 10 A/W at a wavelength of 1.55
µm, benefiting from the field enhancement provided by the nanogap.
In another work, Huang et al, demonstrated a Si waveguide-integrated MWIR bP photodetector,
as shown in Figure 1.37a and 1.37b [132]. In this architecture, the light from the optical fiber is
coupled into the waveguide via the input grating, and it is directed out via the output grating
to be absorbed by the bP layer. This can be seen in Figure 1.37c, which depicts the transverse
electric field distribution. The spectral responsivity of three different devices are plotted in
Figure 1.37d. In devices A and B, the propagating light is polarized in the armchair direction
of the bP flake, and in device C, light is polarized in the zigzag direction. Hence, the light
absorption in bP and thus the responsivity vales are larger for devices A and B compared with
those for device C. A maximum responsivity of 23 A/W at 3.68 µm and 2 A/W at 4 µm was
achieved using this structure.
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Figure 1.38: (a) Schematic of the Te photodetector on Al2O3/Au optical cavity substrate. (b)
Responsivity spectra for devices with different Al2O3 thicknesses. Reproduced with permission
from ref 135. Copyright 2018, American Chemical Society.
1.7.3 Optical Cavities
Optical cavities can confine light and enhance the light intensity. Hence they have also been
employed for light-matter interaction enhancement in 2D material-based photodetectors.
Optoelectronic devices based on 2D materials are often fabricated on SiO2/Si substrates. The
performance of these devices can be improved using optical cavity substrates instead [133, 134].
Optical cavity substrates include a mirror and an electrically insulating optical spacer. At op-
timum spacer thickness, the reflected light from the mirror interferes constructively with the
incident light at the substrate surface, which leads to light intensity and absorption enhance-
ment in the 2D material. For instance, Amani et al. used Al2O3/Au substrates for Te SWIR
photodetectors, as shown in Figure 1.38a [135]. Te is an air-stable quasi-2D material. It is a
semiconductor with an indirect band gap of 0.31 eV. The responsivity spectra of devices with
different spacer thicknesses are plotted in Figure 1.38b. The resonance wavelength of the cavity
depends on the cavity thickness, which is also observed in the responsivity spectra.
Fabry-Pérot cavities with metallic mirrors [136, 137] and distributed Bragg mirrors [138] have
also been used in 2D material-based photodetectors. Furchi et al., for example, achieved a
26-fold light absorption enhancement in graphene photodetectors using the structure shown
in Figure 1.39a [139]. The incident light gets trapped in the cavity and passes multiple times
through the graphene. The graphene layer is sandwiched between two distributed Bragg mirrors,
which consist of quarter-wavelength-thick layers of alternating materials with different refractive
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Figure 1.39: (a) Schematic of the graphene photodetector integrated with Fabry-Pérot cavity.
(b) Simulated electric field distribution at λ = 850 nm. (d) Spectral responsivity of devices
with and without cavity. Reproduced with permission from ref 139. Copyright 2012, American
Chemical Society.
indices. The bottom mirror is formed by 25 pairs of weakly doped aluminum arsenide and
aluminum gallium arsenide layers, and the top mirror is made of 7 pairs of SiO2 and silicon
nitride (Si3N4) layers. A Si3N4 spacer (buffer) layer is also used to maximize the light intensity
at the graphene position. Figure 1.39b depicts the simulated electric field profile at the design
wavelength of λ = 850 nm. The electric field at the graphene position is enhanced by 6.5 times.
The responsivity spectra of bilayer graphene photodetectors with and without the cavity are
plotted in Figure 1.39c. More than an order of magnitude responsivity enhancement is achieved
at the cavity resonance wavelength.
1.8 Photoluminescence Enhancement in 2D Materials
As discussed earlier, optical nanoantennas and cavities can confine light in small volumes and
thus enhance the near-field intensity. Accordingly, they can be integrated with 2D materials to
boost the light absorption in these materials. In a reciprocal manner, these nanostructures can
boost the luminescence of emitters located in their electromagnetic environment. This arises
from the enhancement of the emitters spontaneous emission rate, which is known as the Purcell
effect [140–142]. These phenomena have been leveraged for enhancing the photoluminescence of
2D materials including MoS2 [143], WSe2 [144, 145], and WS2 [146]. Both the absorption and
emission enhancement provided by the optical structure contribute to the PL enhancement.
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Figure 1.40: (a) Schematic of monolayer MoS2 on rectangular Au nanoantennas. (b) op-
tical micrograph of the sample. (c) PL intensity at different locations indicated in panel a.
Reproduced with permission from ref 147. Copyright 2014, American Chemical Society.
(b)(a)
Figure 1.41: (a) Schematic of monolayer MoS2 integrated with Ag nanodiscs. (b) PL intensity
for samples with different disk diameter. Reproduced with permission from ref 148. Copyright
2015, American Chemical Society.
Najmaei el al. reported up to ∼65% PL enhancement in monolayer MoS2 using rectangular
Au nanoantennas, as shown in Figure 1.40a [147]. First, the nanoantennas were fabricated
via EBL. Then, the MoS2 layer, which was grown by chemical vapor deposition (CVD), was
transferred onto the nanoantennas. Figure 1.40b, presents the optical micrograph of a sample
with MoS2 on 100×300 nm2 nanoantennas. Figure 1.40c plots the PL spectra excited by the
532 nm laser at locations denoted by a (MoS2 on SiO2/Si), b (MoS2 on Au nanoantennas),
and c (bare Au nanoantennas) in Figure 1.40b. The PL intensity at point b, which includes
nanoantennas, is larger than that at point a. In another work, PL enhancements of up to 12
times were achieved in monolayer MoS2 [148]. In this study, Ag disks were fabricated on the
CVD-grown MoS2 by EBL, as shown in Figure 1.41a. The PL intensity spectra for samples
containing nanoantennas with varying disk diameter and the sample without nanoantennas are
compared in Figure 1.41b. Wang et al. obtained a large PL enhancement in monolayer WSe2
using an Au substrate containing sub-20-nm-wide trenches, as illustrated in Figure 1.42a [149].
This substrate was prepared by a method referred to as “template-stripping”. This method
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Figure 1.42: (a) Schematic of monolayer WSe2 on Au substrate with sub-20-nm-wide trenches.
(b) Simulated electric field distribution in a single trench. The scale bar 20 nm. (c) SEM image
of a sample. The scale bar is 1 µm. (d) PL spectra corresponding to the points shown in panel
c and WSe2 on sapphire substrate. Reproduced with permission from ref 149. Copyright 2016,
Nature Publishing Group.
produces a smooth surface which is required for reducing damping losses caused by plasmon
scattering. Figure 1.42b depicts the simulated electric field distribution in a single trench. SEM
image of a sample with a trench pitch of 760 nm and width of 9 nm is shown in Figure 1.42c.
A and B point to areas with WSe2 lying on an intersection of two trenches and on unpatterned
Au, respectively. PL spectra (532-nm pump laser) corresponding to these points is plotted in
Figure 1.42d. The black curve corresponds to WSe2 sitting on a sapphire substrate. The PL
intensities from WSe2 at points A and B are respectively up to 37 and 7 times larger compared
with PL from WSe2 on sapphire.
In the optical structures discussed above, the 2D material is in direct contact with the plasmonic
structure. This can lead to optical quenching. That is, the electromagnetic field of the emitter
dipole source can get coupled into lossy surface waves of the plasmonic nanoantennas, which
convert the electromagnetic energy into heat. One approach to prevent quenching is to separate
the emitter from the metallic structures by a dielectric spacer. For instance, Tahersima et
al. used an Al2O3 layer with a thickness of 8 nm between the emitter (monolayer WS2) and
plasmonic nanoantennas to avoid quenching [150]. In another study, a 2-nm-thick Al2O3 layer
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Figure 1.43: (a) Schematic of monolayer WS2 on Ag film covered by Al2O3 spacer. (b) PL
intensity spectra at 79 K for WS2 on sapphire and WS2 on epitaxial and polycrystalline Ag
covered by a ∼2-nm-thick Al2O3 spacer. (c) Temperature dependence of PL intensity of WS2
on Ag films with different thicknesses of Al2O3 spacer. Reproduced with permission from ref
152. Copyright 2017, American Chemical Society.
was deposited between the monolayer WSe2 and the metallic structures [151]. Cheng et al.
investigated the optimum spacer thickness to balance the radiation enhancement and radiation
quenching and found it to be ∼1 nm [152]. In this work, they studied the PL enhancement
in monolayer WS2 using an Ag film. The WS2 layer is separated from the Ag film by an
Al2O3 spacer layer, as shown in Figure 1.43a. Figure 1.43b plots the PL intensity at 79 K
for samples with epitaxial and polycrystalline 25-nm-thick Ag films and ∼2-nm-thick Al2O3
spacer. This figure also includes the PL intensity for WS2 on a sapphire substrate. More
than an order of magnitude PL enhancement is obtained using the Ag films compared with the
sample on sapphire. Also, PL enhancement with epitaxial Ag is ∼1.25 times larger than that
with polycrystalline Ag, due to higher SPP propagation loss in the latter. Figure 1.43c plots the
peak PL intensity of WS2 on polycrystalline Ag as a function of temperature for different spacer
thicknesses. PL quantum efficiency is larger at low temperatures due to smaller nonradiative
decay rates. Hence, the PL intensities decrease with an increase in temperature. Thinner spacer
leads to larger PL intensity. However, the presence of the spacer leads to larger PL intensities
regardless of its thickness due to optical quenching in the samples without spacer (thickness of
0 nm in the figure). It should also be noted that, at 79 K, PL intensity for the sample without
spacer is still 2 times larger than that for WS2 on sapphire; however, at 300 K, almost complete
quenching is observed for the sample without spacer.




Figure 1.44: (a) Schematic of dielectric GaP dimers. (b) AFM image of GaP nanoantennas
covered with monolayer WSe2. (c and d) Light intensity enhancement provided by the GaP
dimers for x- and y-polarized illumination, respectively. (e and f) PL intensity spectra of
monolayer and bilayer WSe2 on GaP dimers and GaP substrate. Reproduced with permission
from ref 160. Copyright 2019, Nature Publishing Group.
Replacing metals with low-loss and high-refractive-index dielectric materials such as Si in optical
nanoantennas is an alternative approach to avoid nonradiative plasmonic losses and optical
quenching [153–156]. Similar to their plasmonic counterparts, dielectric nanoantennas can be
used for light-matter interaction enhancement at nanoscale [157]. They enhance the near-field
light intensity through Mie resonances [158, 159]. For instance, Sortino et al. employed dielectric
gallium phosphide (GaP) dimer nanoantennas for PL enhancement in monolayer and bilayer
WSe2 [160]. The schematic of these nanoantennas is shown in Figure 1.44a. Figure 1.44b
presents the AFM image of GaP nanoantennas (r = 500 nm) covered with monolayer WSe2.
Figure 1.44c and 1.44d depicts the calculated light intensity profile at the top surface of the
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nanoantennas with r = 50 nm, h = 200 nm, and g = 65 nm at λ = 685 nm for x- and y-
polarized light, respectively. PL intensity of monolayer WSe2 on GaP dimers (r = 300 nm) and
GaP substrate are compared in 1.44e. The results for bilayer WSe2 (r = 100 nm) are shown in
1.44f. These nanoantennas enhance the PL intensity by up to 50 times. In contrast to monolayer
WSe2, bilayer WSe2 has an indirect bandgap, which leads to lower PL intensity compared with
monolayer WSe2. It should also be noted that the PL spectral modification observed in WSe2
on nanoantennas results from the strain in these layers.
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Chapter 2
Methods
The simulation and experimental methods employed in this dissertation are discussed here.
First, we describe the simulation techniques used for modeling and designing the optical struc-
tures. Next, the fabrication process of photodetectors are discussed. Finally, the photoresponse
measurement setup is described.
2.1 Optical Simulations
In this dissertation, we designed optical structures that can be integrated with 2D materials to
enhance the light absorption in these materials and also boost the light emission from them.
These optical processes were modeled by numerically solving the Maxwell equations. The finite-
difference time-domain (FDTD) technique [1, 2], implemented in the Lumerical FDTD Solutions
software package, was used for this purpose.
The FDTD or Yee’s algorithm was first introduced by Kane Yee in 1966 [3]. In this technique,
the Maxwell’s equations are discretized using finite difference methods in both space and time.
The resulting difference equations express the unknown future electromagnetic fields in terms
of known past fields. These equations are then iteratively solved until the electromagnetic fields
are fully obtained in the desired time and space span. FDTD is a time-domain technique; hence,
the response of the system to a wide range of frequencies can be obtained by performing a single
simulation and Fourier transforming the resulting time-domain solution. Some common terms
in FDTD simulations are as follows.
59
Chapter 2: Methods 60
• Perfectly matched layer (PML): PML boundary conditions are light absorbing layers which
are impedance matched to the surrounding materials to minimize light reflections. Hence, they
are used for modeling open boundaries in FDTD simulations.
• Total-field scattered-field (TFSF) source: TFSF source injects a plane wave with finite span
and separates the simulation box into total field and scattered field regions. The former includes
both the incident field and the scattered field, and the later only includes the scattered field.
TFSF is commonly used in simulating non-periodic structures and in studying the scattering of
particles.
• Frequency domain field and power monitor: A frequency domain monitor is a virtual object
that records the electromagnetic field and power values at different frequency points across some
spatial region within the simulation. The time-averaged optical power transmitted through a







where P(f) is the Poynting vector and dS is the surface normal.
In the FDTD simulations presented in this dissertation, various objects, including plasmonic
structures; substrates; and 2D materials, were defined by their wavelength-dependent complex
refractive indexes. These values were taken from the experimental results available in the
literature. Graphene is an exception here due to its extreme thinness. As discussed in Chapter 3,
graphene was modeled as a 2D conductive sheet, and the time-averaged optical power absorbed







where σ is the surface conductivity of graphene (in units of Ω−1) and E = Exx̂ + Eyŷ is the
component of electric field tangent to graphene surface. The integral is calculated over the
surface of the graphene.
The optical power absorbed in the 2D materials in Chapter 4 and 5 was obtained by calculating
the net power flow into a surface enclosing the 2D flake. The flake was sandwiched between
two frequency domain power monitors at the top and bottom. The power absorbed by the 2D
flake was then obtained by subtracting the power transmitted through the bottom monitor from
that transmitted through the top monitor, i.e. Ttop − Tbottom. A similar method was used for
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calculating the optical power emitted by the dipole in the emission simulations in Chapter 4.
The dipole source was surrounded by four power monitors, and the transmitted power through
them was calculated. The power emitted by the dipole was then given by the net power flow
out of this box of monitors.
2.2 Fabrication
In this section, we discuss the fabrication process of the 2D material-based photodetectors.
The titanium dioxide (TiO2)/Au substrate, with a TiO2 thickness of 800 nm, was fabricated
as discussed in Chapter 5. The SiO2/Si substrate, with a thermally grown 300-nm-thick SiO2
layer, was purchased from a supplier. Next, exfoliation/chip labels were created on these 4 inch
wafers via EBL/metalization (5/45 nm Cr/Au)/lift-off. Finally, the wafers were diced into 1×1
cm2 chips.
Chemical vapor transport (CVT)-grown PtSe2 and natural graphite crystals were purchased
from HQ Graphene. Our goal was the fabrication of PtSe2 photodetectors; however, we started
with the fabrication of graphene FETs to learn the mechanical exfoliation process. First the
chips were cleaned by ultrasonication in hot acetone (5 min) and propan-2-ol (2 min) and then
rinsed by deionized (DI) water and blow dried with a nitrogen gun. Next, the substrates were
heated at 180 ◦C for 5 min to completely remove the solvent molecules from the surface.
The exfoliation process started by placing several graphite crystals on a piece of low-residue tape
as shown in Figure 2.1a. Next, the tape was repeatedly folded, pressed against the crystals,
and peeled off to exfoliate the crystals, as shown in Figure 2.1b and 2.1c. Then, the flakes
were transferred onto the substrate by pressing a piece of this tape against the substrate, as
shown in Figure 2.1d. Finally, the tape was slowly peeled off from the substrate. Figure 2.2
includes some example optical micrographs of the graphene flakes on the SiO2/Si substrate.
As seen in these images, the SiO2/Si substrate with an SiO2 thickness of 300 nm provides
good optical contrast between flakes with different thicknesses. Thin flakes from monolayer to
multilayer graphene appear in different shades of violet. As the number of layers increases,
the violet colour gets bolder. Then the flake turns into blue and finally into yellow for very
thick flakes. We also performed Raman spectroscopy on these flakes, which can distinguish
between monolayer, bilayer, and multilayer graphene. In addition, we measured the thickness
of the flakes using AFM. The blue stains around the flakes are the residue from sticky tape.






Figure 2.1: Mechanical exfoliation of graphite crystals using sticky tape. (a) Graphite crystals
on a piece of low-residue sticky tape. (b and c) Exfoliate crystals on the sticky tape. (d) Pieces



















Figure 2.2: (a–d) Optical micrographs of graphene flakes on the SiO2/Si substrate.
Before patterning the source/drain electrodes, these residues were removed by leaving the chips
in acetone for ∼1 hr.
A similar method was used for the exfoliation of PtSe2 crystals. We found that PtSe2 crystals
are much more resilient to mechanical exfoliation than graphite (due to stronger interlayer van
der Waals bonding in PtSe2) and it is very difficult to obtain flakes thinner than ∼10 nm and
large enough for device fabrication. To improve the exfoliation yield, first the substrate was
heated to ∼70 ◦C on a hot plate, and then the sticky tape containing exfoliated PtSe2 crystals
was pressed against the substrate. The tape was peeled off after the substrate was cooled down















Figure 2.3: Optical micrographs of PtSe2 flakes on (a and b) SiO2/Si and (c and d) TiO2/Au
substrate.
to room temperature. Figure 2.3a and 2.3b present two example optical micrographs of the
PtSe2 flakes on the SiO2/Si substrate. Figure 2.3c and 2.3d present PtSe2 flakes on TiO2/Au
substrate. On the SiO2/Si substrate, thin flakes appear in dark violet, and they gradually
turn into yellow as the thickness increases. On the TiO2/Au substrate, the colour of the flake
does not change much with thickness, yet the edges of the flake look more well-defined as the
thickness increases. In each panel here, the areas/flakes labeled as “1” are thinner than those
labeled as “2”, and those labeled as “2” are thinner than those labeled as “3”.
After inspecting the chips and locating desirable flakes, the source/drain electrodes were de-
signed and fabricated via photolithography, e-beam evaporation (Cr/Au 20/80 nm), and lift-off.
Finally, the chips were wire-bonded into chip carriers for electrical and optical characterisation.
Figure 2.4a and 2.4b show photos of the wire-bonded chips with PtSe2 devices on the SiO2/Si
and TiO2/Au substrates, respectively.
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Figure 2.5: Schematic diagram of the photoresponse measurement setup.
2.3 Characterisation
The instruments and methods used for measuring the photoresponse of PtSe2 devices are dis-
cussed in Chapter 5. Here, we describe the setup in more detail. Figure 2.5 and 2.6 present
a schematic diagram and photograph of the photoresponse measurement setup, respectively.
The wire-bonded chips were inserted into the cryostat in all measurements, including the
ones taken at room temperature and atmospheric pressure, since the cryostat provides a bet-
ter electromagnetic shielding in comparison with a breadboard. The beam from the 8.35-µm
quantum cascade laser (QCL) is directed toward the mechanical chopper using mirror 1 and 2
after passing through the collimation lens and neutral density filters for attenuation. Mirror 4
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Collimation Lens Neutral Density Filters
Figure 2.6: Photograph of the photoresponse measurement setup.
is removed from the path for this measurement. The laser beam is focused onto the sample by
the objective lens after it passes through the chopper and beam splitter. Other lasers (2.2 µm
laser in the image) use the secondary beam path provided by mirror 3 and 4. The objective
lens is a Cassegrain reflector.
For each laser, first the beam was aligned by adjusting the mirrors so that it entered the objective
lens at its center. An IR detector card was used for this purpose. Next, a fine alignment was
performed by monitoring the optical power after the objective lens and adjusting the mirrors
to maximize the power. The visible imaging system, including the camera; LED; two beam
splitters; and lens tube, was used for visualising the device and aligning it to the laser beams.
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Chapter 3
Bull’s Eye Grating Integrated with
Optical Nanoantennas for Plasmonic
Enhancement of Graphene
Long-Wave Infrared Photodetectors
This chapter starts with our article published in Applied Physics Letters:
https://doi.org/10.1063/1.5082664
Nima Sefidmooye Azar, Vivek Raj Shrestha, and Kenneth B. Crozier. Bull’s Eye Grating
Integrated with Optical Nanoantennas for Plasmonic Enhancement of Graphene Long-Wave
Infrared Photodetectors. Appl. Phys. Lett. 2019, 114, 091108.
The article is reproduced with permission. Copyright 2019, AIP Publishing LLC.
Next, the effect of the geometrical parameters on the performance of the plasmonic structure is
discussed.
Finally, we demonstrate that adding an optical cavity to this plasmonic structure further boosts
its performance. This work was presented at CLEO/Europe conference and published by IEEE:
https://doi.org/10.1109/CLEOE-EQEC.2019.8872291
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Nima Sefidmooye Azar, Vivek Raj Shrestha, and Kenneth B. Crozier. Plasmonic Enhance-
ment of Graphene Long-Wave Infrared Photodetectors via Bull’s Eye Concentrator, Optical
Cavity and Nanoantennas. In Conference on Lasers and Electro-Optics Europe (CLEO/Eu-
rope), 2019.
The article is reproduced with permission. Copyright 2019, IEEE.
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3.1 Abstract
Two-dimensional (2D) materials have exhibited potential for infrared detection at room tem-
perature, yet their low light absorption impedes their widespread application. In addition, mi-
cromechanical cleavage, which is the main method by which high-quality 2D layers are achieved,
typically leads to small-area flakes, hampering their application as photodetectors. In this work,
we designed a hybrid plasmonic structure, comprising a metallic bull’s eye grating and optical
nanoantennas, to collect and concentrate light into a piece of single-layer graphene with sub-
wavelength lateral extent. This boosts the interaction between the graphene and light, thereby
improving its photodetection performance in the technologically important long-wave infrared
(LWIR) region. Finite-difference time-domain electromagnetic simulations were performed to
this end. The plasmonic structure we present is predicted to enhance the absorption of light by
the graphene by ∼558 times, which in turn is predicted to enhance the detectivity of the LWIR
photodetector by ∼32 times.
3.2 Introduction
Infrared (IR) photodetectors with high performance at room temperature are in high demand,
having widespread applications that include night vision, security, search and rescue, thermog-
raphy, and astronomy [1]. Long-wave IR (LWIR, 8-12 µm) is particularly interesting for thermal
imaging, since the peak emission of objects at room temperature lies in this range [2]. Cur-
rently, LWIR photodetection technology is dominated by mercury-cadmium-telluride (MCT)
[3]. Severe thermal generation of charge carriers at the small LWIR energies leads to poor,
noisy performance of MCT semiconductors at room temperature, necessitating the use of costly
and bulky cryogenic systems. In addition, MCT detectors are fabricated by a complex and
high-cost process [4].
Owing to their appealing electrical, optical, mechanical, and chemical properties, two-dimensional
(2D) materials have recently attracted a great deal of interest as the potential building blocks of
the next generation electronic and optoelectronic devices [5, 6]. Furthermore, it has been sug-
gested that their thin nature could allow infrared detectors with lower noise levels than those of
conventional bulk semiconductors [7]. Accordingly, 2D materials such as graphene [8, 9], black
phosphorous [10, 11], black phosphorus-arsenic [7], tellurium [12], and platinum diselenide [13]
have been explored for infrared detection.





































Figure 3.1: (a) Cartoon illustrating the proposed LWIR photodetector consisting of a hybrid
plasmonic structure. (b) Zoomed view of the aperture nanobar antennas. (c) Geometrical
parameters used for the grating. (d) Geometrical parameters used for the aperture nanoantennas
and nanoscale gaps.
One major obstacle for photodetectors based on 2D materials, however, is that such materials
have inherently low absorption due to their atomic thinness. This can result in low photore-
sponsivity [14]. Monolayer graphene, for instance, absorbs only 2.3% of the incident visible
light [15]. To overcome this issue and enhance the light-matter interaction in 2D materials,
various optical techniques such as integration with plasmonic structures [14, 16–19], optical
cavities [12, 20, 21], and optical waveguides [22, 23] have been demonstrated. Yao et al., for
example, used an array of nanobar antennas with nanoscale gaps to enhance the performance of
mid-wave infrared graphene photodetectors [14]. Another problem is that the high-quality 2D
flakes produced by the mechanical exfoliation of layered materials are generally of small lateral
dimensions, which results from the fragmentation effects inherent to this procedure [24] and is
unfavorable for photodetection applications.
3.3 Results and Discussion
Herein, we addressed the aforementioned issues by employing a composite plasmonic structure
consisting of a metallic bull’s eye grating at whose center there is an aperture containing an array
of optical nanoantennas. Schematic diagrams of the proposed LWIR photodetector are provided
in Figure 3.1a and 3.1b. The diffraction grating collects the incident light from a large area,
couples it into surface plasmon polaritons (SPPs) [25], and concentrates them onto the small-
area 2D material in the device center (i.e. at the aperture). The grating can thus be thought
of as a plasmonic lens that improves the detectivity, as discussed later. Bull’s eye gratings have
been used in high-speed subwavelength photodetectors based on conventional semiconductors
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[26–28]. The aperture nanoantenna array is a polarization-independent arrangement of nanobar
antennas separated by nanoscale gaps. These enhance the electromagnetic field in the near-
field zone, particularly in the gaps, through localized surface plasmon resonances (LSPRs) [29].
This enhances the light matter interaction in the underlying 2D material. We expect that this
approach can be applied to many different 2D materials. Here, we considered the specific case
of monolayer graphene.
In this study, the emphasis is not on the experimental realization. Nonetheless, the fabrication
sequence could begin with the exfoliation of monolayer graphene onto an SiO2/Si substrate. This
would be followed by the fabrication of the gold plate, aperture nanoantennas, and aluminum
ridges via standard lithography/metal evaporation/lift-off processes. In this design, the bull’s
eye structure is split into two halves, across which a source/drain bias can be applied to collect
the photocurrent. The Si substrate acts as the gate electrode and the SiO2 film as the gate
dielectric of this phototransistor. Applying a gate voltage could allow the photodetection process
to be enhanced by manipulating the Fermi level of the graphene. The geometrical parameters
of the grating and aperture nanoantennas, as illustrated in Figure 3.1c and 3.1d respectively,
were optimized for a wavelength of λ = 10.84 µm. The structural parameters are as follows:
p1 = 10.5 µm, p2 = 0.5 p1 = 5.25 µm, h2 = 0.16 p1 = 1.68 µm, d = 1.25 p1 = 13.125 µm, r =
3.14 µm, R = 55.125 µm, h1 = 30 nm, N = 4, s = 500 nm, l = 1.8 µm, w = 100 nm, g = 40
nm, thickness of the gold nanoantennas = 30 nm, and SiO2 thickness = 300 nm.
Maxwell’s equations were solved utilizing the finite-difference time-domain [30] (FDTD) tech-
nique implemented in the software package FDTD Solutions [31]. The light source was a linearly
polarized total-field scattered-field (TFSF) plane wave at normal incidence. The mesh size was
5 nm around the finest features. The simulation environment was a cuboid with boundaries at
least half the largest simulated wavelength away from any scatterer. Perfectly matched layers
(PMLs) were used to describe the boundary conditions.
The optical absorption of graphene arises from both intraband and interband transitions [32, 33].
We modeled graphene as a conductive sheet with a surface conductivity σ = σintra+σinter which
can be expressed as [34]
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Figure 3.2: Normalized power absorbed in the graphene sitting on an SiO2 substrate and in
the suspended graphene. In both cases, graphene has εf = 0.341 eV and Γ = 0.0066 eV.
where ω denotes the angular frequency, εf the Fermi level, Γ the scattering rate, T the tem-
perature, q the elementary charge, ~ the reduced Planck constant, ε the energy, and f(ε) =
(exp[(ε− εf )/kBT ] + 1)−1 the Fermi-Dirac distribution in which kB is the Boltzmann constant.
The values for εf and Γ were set to 0.341 eV and 0.0066 eV, respectively, which were taken from
ref 35. The optical power absorbed in graphene was obtained by calculating the Joule losses.
Figure 3.2 plots the power (normalized by the source power) absorbed in a graphene (Gr) layer
sitting on an SiO2 substrate (as in ref 35) and in a suspended graphene. In agreement with the
experimental results from ref 35, this figure indicates that the absorption in graphene declines
in the short-wave IR region due to the Pauli blocking of interband transitions and begins to
rise in LWIR as the intraband transitions come into play. This figure also suggests that the
absorption in the graphene on SiO2 substrate is lower than the suspended one. This absorption
reduction in 2D materials in the presence of a substrate comes from the destructive interference
between the incident and reflected waves [36].
To evaluate the proposed device and determine the contribution from each plasmonic compo-
nent, four different cases were considered: (a) “No Plasmonics”, where the graphene is sitting
on the SiO2/Si substrate without any plasmonic structures; (b) “Grating”, in which the gold
plate and the aluminum ridges are added to the “No Plasmonics” configuration; (c) “Nanoan-
tennas”, in which the gold plate (without aluminum ridges) and the aperture nanoantennas are
added to the “No Plasmonics” configuration; and (d) “Nanoantennas & Grating”, where all the
components (gold plate, aluminum ridges and aperture nanoantennas) are present.
Figure 3.3 presents the electric field enhancement at points E1 and E2, whose locations are
defined in Figure 3.1d, for the four cases mentioned above. It also depicts cartoons of the
configurations in the inset. The electric field is monitored at the middle of the nanoscale gaps


























































Figure 3.3: (a)–(d) Electric field enhancement at points E1 and E2 in the “No Plasmonics”,
“Grating”, “Nanoantennas”, and “Nanoantennas & Grating” configurations, respectively. Ei is





























Figure 3.4: (a) Normalized power absorbed in graphene as a function of wavelength in the
“Nanoantennas & Grating” structure. (b) Sketch showing the pixel, gold plate, and graphene
size.
on the graphene surface, and its norm is reported here. Ei represents the norm of the incident
electric field. We observe an electric field enhancement of ∼180 and ∼80 times at the E1 and E2
gaps, respectively, in the “Nanoantennas & Grating” configuration at the resonance wavelength.
Figure 3.4a graphs the normalized power absorbed in graphene as a function of wavelength in
the “Nanoantennas & Grating” structure. The power absorbed in graphene is normalized to the
power incident through a square window with a side length of 111 µm, which we refer to as the
“pixel”. As illustrated in Figure 3.4b, the graphene and the gold plate have diameters of 6.28










Figure 3.5: Electric field enhancement distribution at λ = 10.84 µm in (a) the aperture of
the “Nanoantennas & Grating” and (b) the cross section of the “Grating” structure. Ei is the
norm of the incident electric field.
Table 3.1: Absorption Enhancement Provided by the Plasmonic Structures at λ = 10.84 µm
Gr Absorption
Absorption (%)1 Enhancement2
No Plasmonics 0.0006 —
Grating 0.0291 45.17
Nanoantennas 0.0168 26.10
Nanoantennas & Grating 0.3595 558.33
and 110.25 µm, respectively. Here the graphene absorption is 0.36% at the resonance wavelength
(λ = 10.84 µm). For the same configuration, Figure 3.5a depicts the electric field enhancement
profile in the bull’s eye aperture at λ = 10.84 µm. These results suggest that the proposed
architecture provides two sets of locations at which field enhancement occurs, i.e. E1 and E2.
A cross-sectional view of the electric field enhancement profile in the “Grating” structure is
displayed in Figure 3.5b at λ = 10.84 µm, which shows the considerable field enhancement in
the aperture region provided by the metallic grating.
Table 3.1 lists the absorption enhancement provided by the various cases of the plasmonic
structure. Here, the absorption enhancement is defined as the graphene absorption ratio be-
tween the configurations including plasmonics and the “No Plasmonics” one. We find that the
1Gr Absorption = Power Absorbed in Graphene [circle, diameter = 6.28 µm]
Source Power [square, side length = 111 µm]
2Absorption Enhancement = Gr Absorption [With Plasmonics]
Gr Absorption [No Plasmonics]
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“Nanoantennas & Grating” architecture leads to an absorption enhancement of ∼558 times.
An important figure of merit of a photodetector is its detectivity (D∗) which represents its
ability to detect the signal from noise. In case of optical immersion where the light-absorbing













where AO is the optical area of the concentrator, ∆f the detector bandwidth, NEP the noise
equivalent power, q the elementary charge, λ the wavelength, η the external quantum efficiency,
γ the photoelectric gain, h the Planck constant, c the speed of light, and In the noise current.
Assuming that the noise is dominated by the thermal generation and recombination of carriers,
the noise current can be expressed as [37] I2n = 2q
2γ2(g + r)∆f , in which g and r denote the













where G and R stand for the volume rates of the thermal generation and recombination, respec-
tively, and AD and t denote the area and thickness of the photoactive material. This expression
implies that the detectivity can be boosted by increasing the AO/AD ratio (i.e. optical immer-
sion [37]), increasing η (by enhancing the light absorption and the photocarrier generation and
collection efficiency), and reducing the material thickness (by using 2D materials rather than
bulk semiconductors).
To investigate the collection efficiency and detectivity enhancement of the proposed plasmonic
structure, we compared it with a device without plasmonics for which the graphene has the
same area as the optical concentrator (circle, diameter = 110.25 µm). This is referred to as “No
Plasmonics-LAG (large-area graphene)”. Here, we define the collection efficiency as the ratio of
the absorption in the graphene in the device under question to that in the “No Plasmonics-LAG”
configuration, as this ratio represents the ability of the plasmonic structures to concentrate light.
The detectivity (D∗) enhancement of a particular device is defined as its detectivity divided by






× Collection Efficiency (3.4)
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Table 3.2: Collection Efficiency and Detectivity Enhancement Provided by the Plasmonic
Structures at λ = 10.84 µm
Gr Collection Detectivity
Absorption (%) Efficiency (%)3 Enhancement4
No Plasmonics-LAG 0.1985 — —
Grating 0.0291 14.65 2.57
Nanoantennas 0.0168 8.47 1.49
Nanoantennas & Grating 0.3595 181.16 31.80
as AO/AD = 1 for “No Plasmonics-LAG” and η is proportional to graphene absorption. The
results are reported in Table 3.2. The “Nanoantennas & Grating” configuration gives rise to
a detectivity enhancement of ∼32 times. It should also be noted that the latter equation




To conclude, here we demonstrated how two plasmonic phenomena, namely surface plasmon
polaritons and localized surface plasmons, can be integrated and exploited to enhance the light-
matter interaction and photodetection performance in 2D materials. The presented plasmonic
architecture leads to significant light absorption and detectivity enhancement for LWIR pho-
todetectors. Graphene portrayed the 2D material here, yet the introduced method should work
as well for other thin 2D materials.
3Collection Efficiency = Gr Absorption [circle, diameter = 6.28 µm, With Plasmonics]
Gr Absorption [circle, diameter = 110.25 µm, No Plasmonics-LAG]
4D∗ Enhancement = D
∗ [With Plasmonics]





















Figure 3.6: Geometrical parameters of the grating.



















































































Figure 3.7: (a) Electric field magnitude and (b) optical power absorbed in graphene for
different ridge width (p2) values.
3.5 Geometrical Parameters of the Plasmonic Structure
In this section, we study the role of the geometrical parameters in the performance of the bull’s
eye grating and nanoantennas. The preliminary simulation results are discussed here. Further
optimization simulations were performed to obtain the values reported in the article.
3.5.1 Bull’s Eye Grating
In the following simulations, we consider an aluminum/gold grating, as displayed in Figure 3.6,
including the graphene layer in the aperture. For simplicity, no substrate and no aperture
nanoantennas are present in these simulations. The electric field is monitored at point E
depicted in Figure 3.6 at the middle of the aperture on graphene. The magnitude of the incident
electric field is 1 V/m. As suggested by equation 1.2 and discussed in Section 1.4.1, at normal
incidence, the fundamental resonance wavelength of the grating is equal to the grating period.
Hence, in this part, we set p1 to 10 µm to excite the SPPs at a wavelength of about λ = 10 µm.
Figure 3.7, plots the electric field magnitude and optical power absorbed in graphene for different
ridge width (p2) values. The values of other parameters are p1 = 10 µm, h1 = 0.05 p1, h2 =
0.2 p1, d = 1.25 p1, r = 3 µm, and N = 4. This figure shows that p2 = 0.35 and 0.4 p1 give
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Figure 3.8: (a) Electric field magnitude and (b) optical power absorbed in graphene for
different values of gold disk thickness (h1).











































































Figure 3.9: (a) Electric field magnitude and (b) optical power absorbed in graphene for
different values of groove depth (h2).
rise to the highest electric field and absorption values. However, we noticed that by further
optimization of other parameters, p2 = 0.5 p1 leads to the best performance.
Next, we studied the role of the gold disk thickness (h1). Figure 3.8, plots the electric field
magnitude and light absorption in graphene for different values of h1. The values of other
parameters are p1 = 10 µm, p2 = 0.5 p1, h2 = 0.2 p1, d = 1.25 p1, r = 3 µm, and N = 4. Figure
3.8b shows that smaller h1 values lead to higher absorption in graphene.
Figure 3.9, presents the electric field magnitude and absorption in graphene for different values
of groove depth (h2). The values of other parameters are p1 = 10 µm, p2 = 0.5 p1, h1 = 0.05
p1, d = 1.25 p1, r = 3 µm, and N = 4. We find that a h2 value of 0.15 p1 and 0.2 p1 lead to the
best results.
In Figure 3.10, we study the effect of number of ridges (N). The values of other parameters are
p2 = 0.5 p1, h1 = 0.05 p1, h2 = 0.2 p1, d = 1.25 p1, and r = 3 µm. An increase in N leads to
a higher electric field magnitude and absorption in graphene. However, by the addition of one
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Figure 3.10: (a) Electric field magnitude and (b) optical power absorbed in graphene for
different numbers of ridges (N).













































Figure 3.11: (a) Electric field magnitude and (b) optical power absorbed in graphene for
different aperture radius (r) values.
ridge, the structure radius increases by p1 = 10 µm. Here we choose N = 4, which gives us a
pixel size of ∼110 µm in the final design.
Figure 3.11 presents the electric field magnitude and optical power absorbed in graphene with
varying aperture radius (r). The values of other parameters are p2 = 0.5 p1, h1 = 0.05 p1, h2 =
0.2 p1, d = 1.25 p1, and N = 4. r = 3 µm leads to the best performance.
Finally, Figure 3.12 shows the effect of the first-ridge distance (d) on the electric field magnitude
and optical power absorbed in graphene. The values of other parameters are p2 = 0.5 p1, h1 =
0.05 p1, h2 = 0.2 p1, r = 3 µm, and N = 4. We observe that a d value of 1.25 p1 gives rise to
the highest light absorption in graphene.
3.5.2 Rod Nanoantennas
Here, we discuss the effect of geometrical parameters and substrate on the electric field en-
hancement provided by Au rod nanoantennas. The magnitude of the incident electric field is 1
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Figure 3.12: (a) Electric field magnitude and (b) optical power absorbed in graphene with
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Figure 3.13: (a) Geometrical parameters of rod nanoantennas. (b–d) Electric field magnitude
at point E (in panel a) in the absence of graphene for rod nanoantennas on different substrates
with varying l and w values. g = 60 nm.
V/m.
Figure 3.13a depicts the geometrical parameters of the rod nanoantennas. Figure 3.13b–d plot
the electric field magnitude in the gap in the absence of graphene for rod nanoantennas on
different substrates with varying length (l) and width (w). The electric field magnitude is mon-
itored in the middle of the gap on the substrate. The gap between the two arms, denoted by g,
is 60 nm in these simulations. Figure 3.13b plots the electric field magnitude as a function of
wavelength for suspended Au nanobars and for those on a Si substrate, which are designed to
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(a)
(b)
Figure 3.14: (a) Electric field profile for suspended nanobar antennas at λ = 10 µm with l =
3.2 µm, w = 200 nm, and g = 60 nm. The structure is designed to resonate at λ = 10 µm. (b)
Zoomed view of the gap in panel a.
resonate at a wavelength of 10 µm. Suspended nanobars provide a huge electric field enhance-
ment of ∼130 times at resonance. However, the electric field enhancement is not as high for the
nanobars sitting on the Si substrate (20 times at resonance), which arises from the reflection
of light from the substrate surface and its destructive interference with incident light. Figure
3.13c shows the effect of l and w on the resonance wavelength and strength. Increase in l and
w lead to a red-shift in the resonance wavelength. The electric field magnitude increases with
the increase in l and decreases with the increase in w. Figure 3.13d compares electric field
enhancement for nanobars sitting on the Si and SiO2/Si (300 nm) substrates. The dip in the
electric field magnitude around λ = 9 µm for nanoantennas on the SiO2/Si substrate results
from the high absorption of SiO2 at these wavelengths. Figure 3.14 presents the electric field
profile for suspended nanobars at λ = 10 µm with l = 3.2 µm, w = 200 nm, and g = 60 nm. The
structure is designed to resonate at λ = 10 µm. Here, we see a huge electric field enhancement
of ∼250 times in the gap close to the edges of the nanobars.
Next, we study the performance of the aperture nanoantennas with different numbers of radial
arrays. Figure 3.15a shows the different structures with 2 (green); 4 (magenta); and 8 (blue)
radial arrays in the “Nanoantennas” structure, which consists of the Au plate (without Al
ridges); aperture nanoantennas; and graphene flake sitting on the SiO2/Si substrate. The colour
of the curves in Figure 3.15b–d matches the colour of the corresponding structure. Figure 3.15b
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Figure 3.15: (a) Aperture nanoantenna structures with different numbers of radial nanobar
arrays. (b and c) Electric field magnitude at points E1 and E2 (depicted in panel a), respectively.
(d) Optical power absorbed in graphene.
and 3.15c plot the electric field magnitude at points E1 and E2, respectively. Figure 3.15d plots
the optical power absorbed in graphene for different structures. The electric field magnitude
decreases with an increase in the number of radial arrays. However, more radial arrays provide
more field enhancement gaps, and thus, larger light absorption in graphene is obtained using
more radial arrays.
3.6 Plasmonic Enhancement of Graphene Long-Wave Infrared
Photodetectors via Bull’s Eye Concentrator, Optical Cavity
and Nanoantennas
In this section, we demonstrate that adding an optical cavity to this plasmonic structure leads
to even larger light absorption and detectivity enhancement.
The schematic of the long-wave infrared photodetector is illustrated in Figure 3.16a and 3.16b.
A bull’s eye grating collects the incident light from a large area (101 µm diam.), and couples it
into surface plasmon polaritons that converge at the opening at its center. Within this opening
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h2 = 0.16 p1 = 1.44 μm
d1 = 1.25 p1 = 11.25 µm
d2 = 7.65 µm
r = 3.16 µm
h1 = 30 nm 
N = 4 
s = 300 nm 
l = 1.9 µm 
w = 100 nm 
g = 40 nm 
t1 = 30 nm
t2 = 30 nm
t3 = 1.27 µm
Figure 3.16: (a) Cartoon illustrating the proposed LWIR photodetector consisting of a hybrid
plasmonic structure. (b) Zoomed view of the aperture nanobar antennas. (c–f) Geometrical
parameters of the structure.
(or aperture), Au nanobar antennas separated by small gaps are arranged in a radial fashion.
These nanoantennas enhance the electromagnetic field in the near-field zone, particularly in
the gaps, through localized surface plasmon resonances. This enhances the absorption in the
underlying material, here a small circle (6.32 µm diam.) of graphene. The absorption is boosted
further by forming an optical cavity under the graphene. The geometrical parameters are opti-
mized for graphene absorption at λ = 9.4 µm via finite-difference time-domain electromagnetic
simulations. These geometric parameters are listed in Figure 3.16c–3.16f.
Figure 3.17a presents the electric field enhancement at points E1 and E2, whose locations are
defined in Figure 3.16d. We observe an electric field enhancement of ∼380 and ∼150 times at
E1 and E2, respectively, at the resonance wavelength (λ = 9.4 µm). Figure 3.17b plots the
normalized power absorbed in graphene as a function of wavelength, which peaks at ∼1.63% at
the resonance wavelength. In this figure, the normalized power absorbed is the power absorbed
in the graphene divided by the power incident through a square window with a side length of 101
µm. This structure enhances the light absorption in graphene by ∼4600 times compared with
its non-plasmonic counterpart shown Figure 3.17c. It is also predicted to enhance detectivity
of the LWIR photodetector by ∼288 times compared with its non-plasmonic counterpart shown
Figure 3.17d. Figure 3.17e depicts the electric field enhancement profile at λ = 9.4 µm in the
aperture.
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Figure 3.17: (a) Electric field enhancement at points E1 and E2, respectively. Ei is the norm
of the incident electric field. (b) Normalized power absorbed in graphene as a function of wave-
length. (c) and (d) Schematic of the non-plasmonic device on a conventional SiO2/Si substrate
with a small-area and large-area graphene fake, respectively. (e) Electric field enhancement
distribution at λ = 9.4 µm in the aperture.
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4.1 Abstract
Black phosphorous (bP), a two-dimensional (2D) layered material, has shown great potential
for infrared (IR) optoelectronics owing to the narrow and direct bandgap it exhibits when in
multilayer form. However, its thinness and optical anisotropy lead to weak light absorption,
which limits the performance of bP-based photodetectors. In this work, we explore plasmonic
nanoantennas, optical cavities, and their hybrids that can be integrated with multilayer bP
to enhance its light absorption. This is achieved by near-field light intensity enhancement
and polarization conversion. In addition, we demonstrate that these nanostructures can boost
the spontaneous emission from bP. Light absorption enhancements of up to 185 and 16 times
are obtained for linearly polarized and unpolarized IR light, respectively, in comparison with a
commonly used device architecture (bP on SiO2/Si). Moreover, IR light emission enhancements
of up to 18 times are achieved. The optical nanostructures presented here can be exploited for
enhancing the detectivity of photodetectors and electroluminescence efficiency of light-emitting
diodes based on bP and other 2D materials.
4.2 Introduction
Optical nanoantennas can confine light in deeply subwavelength volumes leading to strong near-
field intensity enhancements. In a reciprocal manner, they can boost the luminescence of emit-
ters placed in their vicinity. Hence, they have been widely employed for light-matter interaction
enhancement in surface-enhanced Raman scattering [1, 2], surface-enhanced fluorescence [1, 3],
surface-enhanced infrared absorption [4], and more recently, optoelectronic devices based on
two-dimensional (2D) materials [5–8].
Owing to their exceptional properties, 2D layered materials including graphene, black phospho-
rous (bP), and transition metal dichalcogenides (TMDs, e.g., MoS2 and WSe2) have proven
to be promising candidates for optoelectronic devices [9–12]. Photodetectors [13–16], light-
emitting diodes (LEDs) [17–19], and optical modulators [20, 21] based on these materials have
been demonstrated. However, a major challenge for optoelectronics based on 2D materials
is their low light absorption, resulting from their thinness and thus short optical interaction
path. Furthermore, high non-radiative decay rates lead to inefficient emission from 2D materi-
als. This has motivated the use of optical structures such as plasmonic [22–33] and dielectric
[34] nanoantennas and optical cavities [35–39] for light absorption and emission enhancement in
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these materials. These studies have mainly focused on light absorption enhancement in mono-
layer graphene [7, 8, 20, 23, 24, 37] and photoluminescence enhancement in monolayer MoS2
[28, 29, 33], WS2 [25, 27, 30], and WSe2 [31, 32, 34, 38].
Infrared (IR) detectors and emitters play a pivotal role in a variety of areas including biomedical
and thermal imaging, spectroscopy, gas sensing, telecommunication, night vision, and astron-
omy. Multilayer bP is particularly suitable for mid-wave IR applications thanks to its direct and
narrow bandgap of ∼0.31 eV [40, 41]. Additionally, it forms a high-quality p-n heterojunction
with MoS2 which is suitable for IR photodiodes [42–45] and LEDs [46].
Some 2D materials such as bP [47] and quasi-2D Te [35] possess an anisotropic crystal structure
leading to optical anisotropy. For instance, bP has an armchair atomic arrangement along one in-
plane direction and a zigzag arrangement along the other. The optical absorption and emission
in the armchair direction are much stronger than those in the zigzag direction [42, 46, 48].
Although this property can be exploited for polarization detection [42] and polarization imaging
[49], in general, it is not desirable. For example, photodetectors based on bP are nearly blind to
one polarization. This also means that the power carried by one polarization cannot be collected
when detecting unpolarized light.
Herein, we explore plasmonic nanoantennas, optical cavities, and their combinations for enhanc-
ing the light-matter interaction in multilayer bP in the IR region. Finite-difference time-domain
(FDTD) electromagnetic simulations were performed to this end. These optical nanostructures
boost the light absorption in bP by intensifying the local electromagnetic fields. In a reciprocal
manner, they enhance the light emission from bP by accelerating its spontaneous emission rate.
We demonstrate that plasmonic nanoantennas can be utilized for tailoring the near-field light
polarization and thus engineering the optical isotropy of 2D materials. T-shaped nanoantennas
can convert the light polarization from the zigzag to armchair crystal direction and hence create
a nearly isotropic light absorption in bP. T-shaped nanoantennas were previously proposed as
a bimodal antenna structure with two independent resonances localized in a single nanogap.
They can be used for coupling with quantum emitters that show a shift between absorption and
emission frequencies [50].
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4.3 Results and Discussion
Light absorption in 2D materials can be boosted by integrating them with plasmonic nanoanten-
nas and optical cavities. This originates from the light confinement and intensity enhancement
provided by the optical structure. The time-averaged optical power density absorbed in a ma-




















where ~E = Exx̂ + Eyŷ + Ez ẑ denotes the electric field, ~P electric polarization, ω angular fre-
quency, ε = ε′+iε′′ = ε0(n+ik)
2 material’s permittivity, and ε0 vacuum permittivity. According
to this equation, the optical power absorbed in the material associated with each direction is
proportional to the electric field intensity, n, and k in that direction.
The crystal structure of bP is visualized in Figure 4.1a. The armchair and zigzag crystal
directions are defined as x and y, respectively. The optical anisotropy of bP can be seen in
Figure 4.1b, which shows the complex refractive index (n + ik) of multilayer bP along the
different crystal directions. The experimentally measured in-plane (x and y) and theoretically
calculated out-of-plane (z) refractive index values were taken from refs 42 and 52, respectively.
For energies above the armchair band edge of ∼0.31 eV (λ = 4 µm), kx is much larger than ky
and kz which results in much stronger light absorption associated with the x direction.
The armchair bandgap of bP saturates to its bulk value of ∼0.31 eV for flakes thicker than 4
nm (∼8 layers) [53]. A bP flake with thickness of 10 nm was considered in all the following
simulations. Figure 4.1c plots the optical power (normalized to the source power) absorbed in
a suspended 10-nm-thick bP flake as a function of wavelength with the incident light polarized
in the x and y directions. This configuration is referred to as “Suspended” here. As expected,
the absorption for x-polarized light is much greater than that for y-polarized light.
Optoelectronic devices based on 2D materials are often fabricated on SiO2/Si substrates, as
illustrated in Figure 4.1d. The SiO2 layer electrically insulates the 2D material sitting on the
substrate from Si, which can also be used to apply a gate bias. Figure 4.1d plots the power
absorbed in a 10-nm-thick bP sitting on this substrate (referred to as “SiO2/Si” structure here)
with different SiO2 thicknesses (ts) for x- and y-polarized light. The SiO2/Si stack acts as an
optical cavity; the reflected light from the SiO2/Si interface interferes with the incident light
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Figure 4.1: (a) Schematic of bP crystal structure. (b) Complex refractive index of bP taken
from refs 42 and 52. (c) Optical power absorbed in suspended 10-nm-thick bP (“Suspended”
structure) with the incident light polarized in the x (armchair) and y (zigzag) directions. (d)
Schematic of 10-nm-thick bP sitting on the SiO2/Si substrate (“SiO2/Si” structure) and optical
power absorbed in bP with different SiO2 thicknesses for x- and y-polarized light.
at the substrate surface. This gives rise to the resonance observed in the absorption spectrum
which redshifts with an increase in ts. We note that ts can be optimized for bP absorption;
however, other studies usually use an SiO2 thickness of 300 nm [19, 26, 28, 41, 43] or less
[8, 16, 22, 27, 29, 44, 46, 48], regardless of the operating wavelength. Accordingly, here we
benchmark the other structures against the “SiO2/Si; ts = 300 nm” configuration.
Light intensity at the substrate surface can be increased by using a metallic mirror. Here
we consider the Al2O3/Au optical cavity substrate shown in Figure 4.2a, which consists of a
120-nm-thick Au mirror and an Al2O3 layer with thickness ts on an Si substrate. The Al2O3
layer acts as the optical spacer and electrical insulator. The reflected light from the Au mirror
interferes constructively with the incident light at the substrate surface leading to light intensity
enhancement. To maximize the light intensity at the substrate surface at wavelength λ, ts should
be equal to λ/(4ns), where ns is the refractive index of the spacer. Figure 4.2a presents the power
absorbed in the 10-nm-thick bP sitting on this substrate (termed “Half-Cavity” structure here)
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Figure 4.2: (a) Schematic of 10-nm-thick bP sitting on the Al2O3/Au optical cavity substrate
(“Half-Cavity” structure) and optical power absorbed in bP with varying Al2O3 thickness for x-
and y-polarized light. (b) Schematic of 10-nm-thick bP placed in the FP cavity (“FP Cavity”
structure) and optical power absorbed in bP with different spacer thicknesses for x- and y-
polarized light.
with varying Al2O3 thickness for x- and y-polarized light. The bP absorption in this structure
is greater than that in “SiO2/Si” for both polarizations.
A Fabry-Pérot (FP) cavity can further enhance the bP absorption. It is formed by adding a
spacer/mirror stack on top of bP in the “Half-Cavity” structure. The resulting configuration
(“FP Cavity”), along with bP absorption for different spacer thicknesses (ts) and polarizations,
is depicted in Figure 4.2b. In this structure, the incident light penetrates through the thin, semi-
transparent top Au mirror and resonates between the two mirrors at λ ≈ 4tsns (fundamental
resonance). The thickness of the top Au mirror (tm) was optimized for the unpolarized light
absorption, which is absunpol = (absxpol +absypol)/2. For example, for ts = 400 nm, the optimal
top mirror thickness is tm = 4 nm. The optimal tm for other ts values is reported in the
Supporting Information, Table S4.1. This configuration provides a stronger absorption with a
narrower bandwidth than the “Half-Cavity” and “SiO2/Si” configurations for both polarizations.
For example, for ts = 400 nm, the full width at half maximum is 282 nm for x-polarized light,
which is ∼5.6 times smaller than that for “Half-Cavity; ts = 410 nm” (1590 nm). Yan et al.
recently employed a similar device architecture for spectrally selective IR detection based on
bP/MoS2 photodiodes [45].
As seen above, optical cavities can significantly enhance the bP absorption. However, the
absorption for y-polarized light is still much smaller than that for x-polarized light due to the
























































Figure 4.3: (a) Schematic illustrating 10-nm-thick bP sitting on the Al2O3/Au optical cavity
substrate integrated with periodic T-shaped Au plasmonic nanoantennas (“T-Shaped” struc-
ture). (b) Geometrical parameters of T-shaped nanoantennas. The gray dashed box represents
the unit cell. px and py are the period in the x and y directions, respectively. (c) Optical power
absorbed in bP with varying lx for x- and y-polarized illumination.
optical anisotropy of bP. Plasmonic nanoantennas can effectively manipulate the optical near
fields. In addition to strongly confining light and thus enhancing the near-field intensity, they
can modify the near-field polarization. We found T-shaped nanoantennas particularly useful
for this purpose. Figure 4.3a illustrates the “T-Shaped” configuration, which is formed by
integrating periodically arranged T-shaped Au nanoantennas with the “Half-Cavity” structure.
Geometrical parameters of T-shaped nanoantennas are depicted in Figure 4.3b. The antenna
gap is aligned in the x (armchair) direction. Figure 4.3c plots the optical power absorbed in
bP with varying lx for x- and y-polarized incident light. Antenna thickness and gap (g) were
set to 30 nm and 40 nm, respectively, in all the simulations in this work. We found that
the performance of plasmonic structures deteriorates with further increase of these parameters.
Other parameters (ly, ts, and w) were optimized for unpolarized light absorption. For instance,
for lx = 400 nm, we have (ly, ts, w) = (290, 120, 120) nm. Optimal parameters for other lx values
are reported in the Supporting Information, Table S4.2. High absorption values are achieved
for both polarizations. For instance, for lx = 400 nm, bP absorption is 66.76% and 49.94% for
x- and y-polarized illumination, respectively, at λ = 3.08 µm. This is a huge enhancement in
comparison with previous configurations, especially for y-polarized illumination.
Figure 4.4 provides insights into the absorption enhancement mechanism in the “T-Shaped”
configuration. Figure 4.4a presents the light absorption density in bP, calculated using equation
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Figure 4.4: Light absorption density in bP in the “T-Shaped” structure with lx = 400 nm
for (a) x-polarized and (b) y-polarized incident light at λ = 3.08 µm. The arrows represent the
in-plane component of electric field (Exx̂+Ey ŷ) at an instant of time. The absorption density
and electric field values depicted here are the average values across the thickness of bP.
4.1, with lx = 400 nm for x-polarized illumination at λ = 3.08 µm. Results for y-polarized
illumination are shown in Figure 4.4b. The arrows represent the in-plane component of electric
field (Exx̂+Eyŷ) at an instant of time. The absorption density and electric field values depicted
here are the average values across the 10-nm thickness of the bP. For x-polarized illumination,
T-shaped nanoantennas act like regular rod nanoantennas; they enhance the light intensity and
thus absorption in the antenna gap through localized surface plasmon resonances (LSPRs) [1].
For y-polarized illumination, in addition to intensity enhancement, the T-shaped nanoantennas
rotate the polarization to the x direction (along which bP can absorb light) in the gap and
around the T legs. This polarization conversion results from the excitation of LSPRs and the
particular shape and arrangement of the nanoantennas which steer the surface charge oscillations
induced along the T legs in the y direction towards the T arms in the x direction.
Periodic rod nanoantennas, as shown in Figure 4.5a, can be used for polarization dependent
absorption enhancement in 2D materials. Integrating them with the “Half-Cavity” structure
and optimizing the geometrical parameters for x-polarized light absorption in bP led us to ribbon
nanoantennas, i.e., py = w, as shown in Figure 4.5b. The resulting structure is referred to as
“Ribbon” here. Optical power absorbed in bP in “Ribbon; (lx, ts) = (280, 80) nm” is plotted
in Figure 4.5c for x- and y-polarized incident light. Figure 4.5d presents the light absorption
density in bP and the in-plane electric field in this structure for x-polarized illumination at
λ = 3.08 µm. In addition to enhancing the absorption for x-polarized light, this structure
strongly suppresses the absorption for y-polarized light. The metallic ribbons do not resonate for
y-polarized illumination and shadow the underlying bP. The y-polarized light cannot penetrate
























































Figure 4.5: (a) and (b) Geometrical parameters of periodic rod and ribbon Au nanoantennas,
respectively. (c) Optical power absorbed in bP in the “Ribbon; lx = 280 nm”, “Cross; lx = 360
nm”, “T-Shaped; lx = 400 nm”, and “FP Cavity; ts = 400 nm” structures for x- and y-polarized
incident light. (d) Light absorption density in bP in the “Ribbon; lx = 280 nm” structure for
x-polarized incident light at λ = 3.08 µm. The arrows represent the in-plane component of
electric field (Exx̂+Ey ŷ) at an instant of time. The absorption density and electric field values
depicted here are the average values across the thickness of bP. (e) Geometrical parameters of
periodic cross-shaped Au nanoantennas. In (a), (b), and (e), the unit cell is marked by a gray
dashed box. px and py are the period in the x and y directions, respectively.
through the 40-nm antenna opening either, as its electric field is parallel to the metallic features
in the gap. This is further illustrated in the Supporting Information, Figure S4.1, which depicts
the electric field intensity (normalized to the incident intensity) inside bP (averaged across its
thickness) for x- and y-polarized illumination. The light intensity (|E|2/|Ei|2) is smaller than
10−10 everywhere inside bP (including the gap area) for y-polarized illumination. Hence, this
configuration can be used for creating strongly anisotropic optical response in 2D materials.
Polarization independent absorption enhancement in 2D materials can be achieved employing
periodic cross-shaped nanoantennas, as shown in Figure 4.5e. The configuration obtained by
integrating these nanoantennas with the “Half-Cavity” structure is termed “Cross” here. Figure
4.5c compares the optical power absorbed in bP in the “Cross; (lx, ly, ts, w) = (360, 370, 120, 120)
nm”, “Ribbon; lx = 280 nm”, “T-Shaped; lx = 400 nm”, and “FP Cavity; ts = 400 nm”
configurations for x- and y-polarized illumination. The Supporting Information, Figure S4.2,
presents the light absorption density in bP and the in-plane electric field in the “Cross; lx = 360
nm” structure for x- and y-polarized incident light at λ = 3.08 µm. The “Cross” structure
provides a higher absorption for y-polarized illumination compared with “FP Cavity”. However,
it is lower than that provided by the “T-Shaped”.
To summarize the results, Table 4.1 lists the bP absorption values at λ = 3.08 µm for different
optical structures optimized for this wavelength. The “T-Shaped” configuration exhibits the
highest absorption for y-polarized (absypol) and unpolarized (absunpol) illumination. It enhances
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Table 4.1: BP Absorption at λ = 3.08 µm for Different Configurations Optimized for This
Wavelength
absxpol (%) absypol (%) absunpol (%) absxpol/absypol
Suspended 6.72 0.28 3.5 24
SiO2/Si; ts = 300 nm 7.08 0.27 3.68 26.22
Half-Cavity; ts = 410 nm 25.43 1.05 13.24 24.22
FP Cavity; ts = 400 nm 51.79 4.14 27.97 12.51
T-Shaped; lx = 400 nm 66.76 49.94 58.35 1.34
Ribbon; lx = 280 nm 70.68 < 10
−10 35.34 > 7× 1011
Cross; lx = 360 nm 64.46 24.51 44.49 2.63
absypol by 185 times and absunpol by 16 times in comparison with the commonly used “SiO2/Si”
structure. The “Ribbon” structure shows the highest absorption for x-polarized illumination
(absxpol), the lowest absypol, and the highest anisotropy (absxpol/absypol). It enhances absxpol
by 10 times, suppresses absypol by more than 10
9 times, and enhances absxpol/absypol by more
than 1010 times compared with “SiO2/Si”. It should also be noted that the responsivity and
detectivity of a photodetector are proportional to the photocurrent which is proportional to the
absorbed optical power. As a result, the absorption enhancement values reported here can be
translated as photocurrent, responsivity, and detectivity enhancement values.
In addition to light absorption enhancement, optical nanoantennas and cavities can enhance the
light emission from emitters located in their electromagnetic environment. This mainly arises
from the enhancement of emitter’s spontaneous emission rate, which is known as the Purcell
effect [54, 55]. The spontaneous emission rate is proportional to the local density of states
in the emission process, which is proportional to the emitted power. The latter quantity can
be calculated by classical FDTD simulations. Here, we studied the emission enhancement in
10-nm-thick bP integrated with different optical structures. The emission process was modelled
using a broadband oscillating electric dipole polarized in the x (armchair) direction, which was
positioned in the middle layer of the 10-nm-thick bP.
The Purcell factor (fP ) is defined as the spontaneous emission rate enhancement provided by the
optical medium; i.e., fP = γr/γ
0
r , where γr and γ
0
r are the radiative decay rates of excitons in
the optical structure and in a homogeneous medium, respectively. Figure 4.6a plots the Purcell
factor for the “Ribbon; lx = 280 nm”, “FP Cavity; ts = 400 nm”, “Half-Cavity; ts = 410
nm”, “SiO2/Si; ts = 300 nm”, and “Suspended” structures. The “Ribbon” structure yields the
highest fP . Multiple ribbons were used for simulating the emission process in the “Ribbon”
structure, which results in the multiple resonance peaks in the fP curve.
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Figure 4.6: (a) Purcell enhancement factor and (b) out-coupling efficiency to the upper half-
space for “Ribbon; lx = 280 nm”, “FP Cavity; ts = 400 nm”, “Half-Cavity; ts = 410 nm”,
“SiO2/Si; ts = 300 nm”, and “Suspended” structures. Panel b includes a schematic of the
“Ribbon” structure depicting the collection angle θ.
Out-coupling efficiency (ηoc) is the fraction of radiated photons that manage to escape the
optical structure and reach a desired range of angles θ, as shown for the “Ribbon” structure in
Figure 4.6b, in the far field. This figure plots ηoc(θ: −90◦ → 90◦), i.e., out-coupling efficiency
to the upper half-space, for different configurations. At λ = 3.08 µm, “Half-Cavity” yields the
highest ηoc of 67.6%. The rest of the emitted light is mainly waveguided through the Al2O3
spacer in the horizontal direction. In the “SiO2/Si” configuration, in addition to the horizontally
waveguided light, a considerable portion of the photons is radiated downwards and hence lost.
This leads to a smaller ηoc(θ: −90◦ → 90◦) for this structure compared with the ones containing
a bottom mirror.
The emission efficiency (ηe) of an optical structure can be defined as ηe = ηqηoc. Here, ηq is the
quantum efficiency which is the fraction of transitions from the excited states to the ground state
that are radiative; i.e., ηq = γr/(γr +γnr +γl). In this relation, γnr is the decay rate of excitons
to non-radiative channels such as phonons, and γl is the loss decay rate accounting for the
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Figure 4.7: Spectral and far-field angular distribution of light emission efficiency for (a)
“Ribbon; lx = 280 nm”, (b) “FP Cavity; ts = 400 nm”, (c) “Half-Cavity; ts = 410 nm”, (d)
“SiO2/Si; ts = 300 nm”, and (e) “Suspended” structures.
non-radiative channels that the optical structure might introduce. The emission enhancement





q ) × (ηoc/η0oc), where η0q = γ0r/(γ0r + γ0nr) is the intrinsic quantum efficiency.
Assuming γnr = γ
0
nr, for an intrinsically low-quantum efficiency emitter, i.e., γ
0
nr  γ0r , ηq/η0q










If γ0nr  (γr + γl), then the latter equation reduces to ηq/η0q ≈ γr/γ0r = fP . Hence, ηe/η0e ≈
fP × (ηoc/η0oc). This leads us to η2e/η1e ≈ (f2P /f1P )× (η2oc/η1oc), which suggests that the quantity
fP × ηoc can be used for comparing the emission efficiency of different optical structures. The
main assumption made here is that the emitter has a low intrinsic quantum efficiency which is the
case for multilayer bP [56]. Figure 4.7a–e present the spectral and far-field angular distribution
of this quantity, i.e., fP × ∂ηoc/∂θ, for the “Ribbon; lx = 280 nm”, “FP Cavity; ts = 400 nm”,
“Half-Cavity; ts = 410 nm”, “SiO2/Si; ts = 300 nm”, and “Suspended” structures, respectively.
Table 4.2 summarizes the emission metrics at λ = 3.08 µm for different optical structures
optimized for this wavelength. The “Ribbon”, “FP Cavity”, and “Half-Cavity” configurations
provide emission enhancements of 17.9, 10.4, and 3.9 times, respectively, in comparison with
the commonly used “SiO2/Si” structure.
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Table 4.2: Emission Metrics at λ = 3.08 µm for Different Configurations Optimized for This
Wavelength
fP ηoc(θ: −90◦ → 90◦) fP × ηoc(θ: −90◦ → 90◦)
Suspended 0.98 0.5 0.49
SiO2/Si; ts = 300 nm 1.47 0.35 0.52
Half-Cavity; ts = 410 nm 2.99 0.68 2.02
FP Cavity; ts = 400 nm 8.86 0.61 5.42
Ribbon; lx = 280 nm 14.2 0.66 9.31
4.4 Conclusion
In this work, we designed optical nanostructures including plasmonic nanoantennas, optical
cavities, and their combinations for enhancing the interaction of IR light with multilayer bP.
We demonstrated that T-shaped nanoantenna-cavity hybrid can efficiently enhance the light
absorption in bP by boosting the light intensity and converting its polarization. It was also
found that ribbon nanoantenna-cavity hybrid can simultaneously enhance and suppress the light
absorption for different polarizations, and thus, enhance the optical anisotropy of 2D materials.
Furthermore, these optical structures were found to considerably enhance the light emission
from 2D materials through the Purcell effect. BP and other 2D materials have great potential
for optoelectronic applications, and their integration with the optical structures presented here
can significantly boost the performance of devices based on these materials.
4.5 Methods
The finite-difference time-domain (FDTD) technique [57], implemented in the Lumerical FDTD
Solutions software package, was employed to solve Maxwell’s equations. To study the spectral
response of the optical structures, we used a broadband (λ = 1.5–4.5 µm) light source in both
absorption and emission simulations. The mesh size was 1 nm around the finest features. The
experimentally measured wavelength-dependent complex refractive index values of Al2O3 and
SiO2 were taken from ref 58, and those of Au and Si were taken from ref 59.
In absorption simulations, the light source was a linearly polarized plane wave at normal inci-
dence (a discussion on the effect of incident angle is included in the Supporting Information).
Perfectly matched layers (PMLs) were utilized to describe the boundary conditions in the light
propagation direction. Periodic boundary conditions were implemented in the direction perpen-
dicular to propagation. The optical power absorbed in bP was obtained by calculating the net
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power flow into a surface enclosing the bP flake. This is equivalent to integrating the absorp-
tion density, given by equation 4.1, over the volume of the bP flake. Geometrical parameters
were optimized through parameter sweeping. Details of the optimization are included in the
Supporting Information.
In emission simulations, PML boundary conditions were used in all directions. The light source
was an electric dipole, placed in the middle layer of bP and oscillating in the x (armchair)
direction. The optical power emitted by the dipole was obtained by calculating the net power
flow out of a surface enclosing the dipole. In the “Ribbon” structure, multiple (∼100) ribbons
were used to mimic the periodicity of the nanoantennas. Also, the horizontal position of the
dipole source was swept in the middle unit cell beneath the Au ribbons and the gap between
them, and the average results were reported. Due to theoretical issues with simulating dipole
sources placed in dispersive media, the imaginary refractive index of bP was set to zero in the
emission simulations.
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Table S4.1: Optimal tm for Different ts Values in the “FP Cavity” Structure








Table S4.2: Optimal Geometrical Parameters for Different lx Values in the “T-Shaped” Struc-
ture
lx (nm) ly (nm) ts (nm) w (nm)
200 130 80 40
300 200 80 100
400 290 120 120













Figure S4.1: Electric field intensity inside bP in the “Ribbon; lx = 280 nm” structure for (a)
x-polarized and (b) y-polarized incident light at λ = 3.08 µm. Ei is the norm of the incident
electric field. The intensity values are averaged across the thickness of bP.
4.6 Supporting Information
This section includes the following material:
Optimized geometrical parameters of the “FP Cavity” and “T-Shaped” structures, Electric field
intensity inside bP in the “Ribbon” structure, Light absorption density in bP in the “Cross”
structure, Details of geometrical parameters optimization, Effect of light incident angle on bP
absorption in the “T-Shaped” structure
Optimization of Geometrical Parameters
The details of geometrical parameters optimization in the “FP Cavity”, “T-Shaped”, and “Rib-
bon” configurations are provided here. A similar method was used for the “Cross” structure.
In each case, first we performed enough simulations to get an idea of the suitable parameter
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Figure S4.2: Light absorption density in bP in the “Cross; lx = 360 nm” structure for (a)
x-polarized and (b) y-polarized illumination at λ = 3.08 µm. The arrows represent the in-plane
component of electric field (Exx̂ + Ey ŷ) at an instant of time. The absorption density and
electric field values depicted here are the average values across the thickness of bP.

































































Figure S4.3: Optical power absorbed in bP in the “FP Cavity” structure with varying tm for
(a) ts = 400 nm and (b) ts = 250 nm for unpolarized light. The red arrows point at the optimal
curves.
ranges. Next, the parameters were optimized via several rounds of sweeping. Using the results
obtained at each round, the sweep ranges were narrowed and the steps were reduced in the next
round. Final round of parameter sweeps were as below.
FP Cavity
For each spacer thickness value of ts = 200, 250, 300, ..., 500 nm, the thickness of the top Au
mirror was swept over the values tm = 1, 2, 3, ..., 10 nm. The optimal tm is the one leading to
the highest unpolarized light absorption in bP (absunpol = [absxpol + absypol]/2). For example,
Figure S4.3 presents the results for ts = 400 nm and ts = 250 nm. tm = 4 nm for ts = 400 nm
and tm = 7 nm for ts = 250 nm lead to the highest absorption.
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Table S4.3: Sweep Values of Geometrical Parameters for Different lx Values in the “T-Shaped”
Structure
lx (nm) ts (nm) w (nm) ly + w/2 (nm)
200 60, 80, 100, 120, 140 20, 30, 40, 50 100, 120, 140, 160, 180
300 60, 80, 100, 120, 140 40, 60, 80, 100, 120 220, 240, 260
400 100, 120, 140, 160 40, 60, 80, 100, 120, 140 320, 340, 360
500 100, 120, 140, 160 100, 120, 140, 160 400, 420, 440, 460
Wavelength (μm)




















Figure S4.4: Optical power absorbed in bP in the “T-Shaped” structure with varying (ts, w,
ly + w/2) for lx = 400 nm for unpolarized illumination. The red arrow points at the optimal
curve which corresponds to (ts, w, ly + w/2) = (120, 120, 360) nm.
T-Shaped
For each value of lx = 200, 300, 400, 500 nm, other parameters (ly, ts, and w) were swept
over the values listed in Table S4.3. The optimal (ly, ts, w) is the one leading to the highest
unpolarized light absorption in bP. For instance, Figure S4.4 shows the results for lx = 400 nm.
(ts, w, ly +w/2) = (120, 120, 360) nm leads to the highest absorption. Finally (ts, w, ly +w/2) =
(120, 120, 360) nm was compared with (ts, w, ly + w/2) = (120, 120, 350) nm, and the latter,
which is equivalent to (ly, ts, w) = (290, 120, 120) nm, was found to be the optimum.
Ribbon
We started with dipole nanoantennas and attempted to maximize the x-polarized light absorp-
tion in bP at λ = 3.08 µm (which is the peak wavelength for “T-Shaped; lx = 400 nm” and
“FP Cavity; ts = 400 nm”). It was found that bP absorption increases with an increase in w
and gets maximum at py = w, which is called “Ribbon” here. For instance, Figure S4.5 shows
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Wavelength (μm)

































Figure S4.5: Optical power absorbed in bP in the “Dipole” structure with varying (lx, py, ts,
w) for x-polarized illumination. The red arrows point at the optimal curves which correspond
to py = w = 150 nm, i.e. the “Ribbon” structure.
Wavelength (μm)





















Figure S4.6: Optical power absorbed in bP in the “Ribbon” structure with varying (lx, ts)
for x-polarized illumination. The red arrow points at the optimal curve which corresponds to
(lx, ts) = (280, 80) nm.
the results for lx = 300, 320, 340, 360 nm; py = 150, 200, 250, 300 nm; ts = 40, 60, 80, 100, 120
nm; w = 100, 120, 150 nm. py = w = 150 nm, i.e. the “Ribbon” structure, leads to the highest
absorption.
Finally, parameters for “Ribbon” structure were swept over lx = 260, 280, 300, 320 nm; ts = 60,
80, 100 nm. The results are presented in Figure S4.6. (lx, ts) = (280, 80) nm results in the
highest absorption at λ = 3.08 µm.
Antenna thickness (h) and gap (g) were set to 30 nm and 40 nm, respectively, in all the
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Wavelength (μm)





















Figure S4.7: Optical power absorbed in bP in the “Ribbon” structure with varying (lx, ts, g,
h) for x-polarized illumination. The red arrows point at the optimal curves which correspond
to (g, h) = (40, 30) nm.
simulations in this work. We found that the performance of plasmonic structures deteriorates
with further increase of these parameters. For instance, Figure S4.7 presents the optical power
absorbed in bP in the “Ribbon” structure for lx = 280, 300 nm; ts = 80, 100 nm; g = 40, 50,
60, 80, 100 nm; h = 30, 40, 60, 100 nm. (g, h) = (40, 30) nm results in the highest absorption.
Effect of Light Incident Angle
Normal incidence was assumed in all the absorption simulations discussed so far. Here, we study
the effect of incident angle on bP absorption in the “T-Shaped” structure. The broadband
fixed angle source technique (BFAST), implemented in the Lumerical FDTD Solutions software
package, was employed for this purpose. Figure S4.8a and S4.8b present the optical power
absorbed in bP in the “T-Shaped; lx = 400 nm” structure for θ = 0
◦ (normal incidence),
(θ, φ) = (22.5◦, 0◦), and (θ, φ) = (22.5◦, 90◦) for x- and y-polarized illumination, respectively.
These results indicate that bP absorption in the “T-Shaped” structure is not sensitive to incident
angle.
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Figure S4.8: Optical power absorbed in bP in the “T-Shaped; lx = 400 nm” structure with
different incident angles for (a) x- and (b) y-polarized illumination.
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5.1 Abstract
Long-wave infrared (LWIR) photodetection is of high technological importance, having a wide
range of applications that include thermal imaging and spectroscopy. Two-dimensional (2D)
noble-transition-metal dichalcogenides, platinum diselenide (PtSe2) in particular, have recently
shown great promise for infrared detection. However, previous studies have mainly focused on
wavelengths up to the short-wave infrared region. In this work, we demonstrate LWIR photode-
tectors based on multilayer PtSe2. In addition, we present an optical cavity substrate which
enhances the light-matter interaction in 2D materials and thus their photodetection performance
in the LWIR spectral region. The PtSe2 photoconductors fabricated on the TiO2/Au optical
cavity substrate exhibit responsivities up to 54 mA/W to LWIR illumination at a wavelength
of 8.35 µm. Moreover, these devices show a fast photoresponse with a time constant of 54 ns
to white light illumination. The findings of this study reveal the potential of multilayer PtSe2
for fast and broadband photodetection from visible to LWIR wavelengths.
5.2 Introduction
Infrared (IR) photodetectors play a key role in a variety of areas including biomedical and
thermal imaging, telecommunication, gas sensing, surveillance, search and rescue, environmen-
tal monitoring, and astronomy [1]. Mercury cadmium telluride (MCT), a composition-tunable
direct bandgap semiconductor, has been extensively employed in mid-wave infrared (MWIR,
3–8 µm) and long-wave infrared (LWIR, 8–15 µm) photodetectors [2, 3]. Nevertheless, some
issues such as difficulty of precise composition control and large-area non-uniformity result in
a low-yield and complex fabrication process [2, 4]. This has stimulated the search for alterna-
tive technologies for IR detection. Two-dimensional (2D) layered materials have been found
promising for this purpose [5–11].
IR photodetectors based on graphene [12–17], black phosphorus (bP) [18–21], bPAs [22, 23],
quasi-2D Te [24, 25], and SeTe [26] have been demonstrated. Recently, 2D noble-transition-
metal dichalcogenides [27] including PtSe2 [28–31], PdSe2 [32–34], and PtS2 [35] have also been
explored for IR detection. These materials possess appealing properties such as air stability,
which is particularly an issue with bP [36]; thickness-tunable bandgap; and relatively high
carrier mobility [37]. Photodiodes based on PtSe2 heterojunctions with Si [38–40], Ge [41],
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CdTe [42], a perovskite [43], PtS2 [44], and GaAs [45] have also been investigated for broadband
photodetection up to short-wave infrared (SWIR, 1.4–3 µm) wavelengths.
Ab initio calculations reveal that PtSe2 has a thickness-dependent band structure. Mono-
layer and bilayer PtSe2 are semiconductors with indirect bandgaps of ∼1.2 eV and ∼0.3 eV,
respectively, and thicker flakes are semi-metallic with zero bandgap [28, 46]. Yu et al. [28]
recently showed that the bandgap of bilayer PtSe2 can be further narrowed to the LWIR region
(∼0.11 eV) by introducing Se vacancies in the PtSe2 crystals using a customized chemical vapor
transport (CVT) system. Utilizing this material, they achieved a responsivity, detectivity, and
rise/fall time of 4.5 A/W, 7×108 Jones, and 1.2 ms, respectively, for illumination at a wave-
length of 10 µm. Despite the impressive device performance, from a manufacturing standpoint,
it may prove challenging to produce PtSe2 bilayers containing Se vacancies of the appropriate
density in the reproducible manner required for devices such as image sensors.
In this study, we demonstrate, for the first time to the best of our knowledge, LWIR photode-
tectors based on multilayer PtSe2. We employ a TiO2/Au optical cavity substrate to boost the
light-matter interaction in PtSe2 and enhance its LWIR detection performance. Optical cavity
substrates have been previously used in graphene [47] devices in the MWIR, Te [24] and SeTe
[26] devices in the SWIR, and MoS2 [48] devices in the visible spectral regions. Our simulation
and experimental results show that the performance of the 2D material-based LWIR detec-
tors can be significantly improved using the optical cavity substrate in comparison with the
commonly used SiO2/Si substrate. Device characterization reveals that the multilayer PtSe2
photodetectors exhibit a fast and broadband photoresponse.
5.3 Results and Discussion
The structure of the infrared photodetector based on 2D materials atop TiO2/Au optical cavity
substrate is depicted in Figure 5.1a. The optical cavity substrate consists of a 120-nm-thick Au
mirror, a TiO2 spacer layer with thickness ts, and a 30-nm-thick Al2O3 insulator film on an Si
substrate. The reflected light from the Au mirror interferes constructively with the incident light
at the substrate surface leading to light intensity enhancement. To maximize the light intensity
at the substrate surface at wavelength λ, the spacer thickness (ts) should be approximately
equal to λ/(4ns), where ns is the refractive index of the spacer. The Al2O3 layer electrically
insulates the 2D material sitting on the substrate from the spacer/mirror stack. This structure
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Figure 5.1: (a) Schematic of the infrared photodetector based on 2D materials atop TiO2/Au
optical cavity substrate. (b) Normalized electric field intensity at the substrate surface in the
absence of the 2D material for the SiO2/Si (ts = 300 nm) substrate and TiO2/Au substrate
with different spacer thicknesses. (c) and (d) Normalized electric field intensity distribution
in the cross section of the TiO2/Au (ts = 800 nm) and SiO2/Si (ts = 300 nm) substrates,
respectively, in the absence of the 2D material at λ = 6.9 µm. The red dashed line represents
the substrate surface which lies at y = 0. (e) Same as b for the SiO2/Si substrate with different
SiO2 thicknesses. Ei is the norm of the incident electric field.
can be simultaneously used to apply a gate bias to the photodetector, where the Al2O3 film acts
as the gate dielectric and the Au/Si as the gate electrode. Here, we benchmark the TiO2/Au
substrate against the commonly used SiO2/Si substrate, where the SiO2 layer with thickness ts
acts as the insulator.
First, we conducted optical simulations to design the TiO2/Au optical cavity substrate and
evaluate its performance. Figure 5.1b plots the electric field intensity (normalized to the incident
intensity) at the substrate surface in the absence of the 2D material for the SiO2/Si (ts = 300
nm) substrate and TiO2/Au substrate with varying spacer thickness. As expected, the peak
intensity wavelength redshifts with an increase in the spacer thickness. The light intensity is
considerably higher on the TiO2/Au substrate in comparison with the SiO2/Si substrate. For
instance, at the peak intensity wavelength of 6.9 µm for the TiO2/Au (ts = 800 nm) substrate,
the light intensity is 10.4 times larger on the TiO2/Au substrate than that on the SiO2/Si
substrate.
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To further illustrate this, Figure 5.1c and 5.1d present the distribution of the electric field inten-
sity in the cross section of the TiO2/Au (ts = 800 nm) and SiO2/Si (ts = 300 nm) substrates,
respectively, in the absence of the 2D material at λ = 6.9 µm. The surface of the substrate at
y = 0 is marked by a red dashed line. These profiles indicate that for the TiO2/Au substrate
with proper spacer thickness, the maximum intensity (|E|2/|Ei|2 = 3.76) lies at the substrate
surface, while for the SiO2/Si substrate, this maximum (|E|2/|Ei|2 = 2.37) occurs at y = 1.43
µm (i.e., at 1.43 µm above the substrate surface). It should also be noted that the light intensity
at the surface of the SiO2/Si substrate is smaller than the incident intensity (|E|2/|Ei|2 = 0.36).
This comes from the destructive interference between the incident and reflected waves at the
substrate surface.
It is noteworthy that the electric field intensity at the surface of the SiO2/Si substrate can
also be optimized in the MWIR region by adjusting the SiO2 thickness, as shown in Figure
5.1e. However, as observed in this figure, SiO2/Si is not an appropriate substrate for the LWIR
region, since the high absorption of SiO2 at these wavelengths leads to low light intensity at
the substrate surface. Furthermore, other studies typically use an SiO2/Si substrate with SiO2
thickness of 300 nm [17, 23, 29, 30, 32, 44] or less [12, 14–16, 20, 22, 28, 33, 34] in the 2D material-
based photodetectors, regardless of the operating wavelength. Accordingly, we consider an SiO2
thickness of 300 nm in the following simulations and experiments.
The time-averaged optical power density absorbed in the 2D material sitting on the substrate









ωε′′| ~E|2 = ε0ωnk| ~E|2
where ~E denotes the electric field, ~P electric polarization, ω angular frequency, ε = ε′ + iε′′ =
ε0(n + ik)
2 2D material’s permittivity, and ε0 vacuum permittivity. n and k are the real and
imaginary parts of the 2D material refractive index, respectively. According to this equation,
the optical power absorbed in the 2D material is proportional to the electric field intensity, n,
and k.
The above discussions imply that a thin 2D material with negligible influence on the light
intensity distribution, such as monolayer graphene, would absorb ∼10.4 times more power on
the TiO2/Au (ts = 800 nm) substrate compared with the SiO2/Si (ts = 300 nm) substrate
at λ = 6.9 µm. However, this is not true for a thick multilayer 2D material with significant
reflection and absorption. Next, we investigate the effect of the thickness (t2D) and complex







































































































Figure 5.2: (a) and (b) Optical power absorbed in the 2D material lying on the TiO2/Au (ts =
800 nm) and SiO2/Si (ts = 300 nm) substrates, respectively, with varying thickness (t2D) and
refractive index (n and k) of the 2D material. (c)–(e) Optical power absorbed and absorption
enhancement in the 2D material lying on the TiO2/Au (ts = 800 nm) and SiO2/Si (ts = 300
nm) substrates as functions of n and k with t2D = 10, 20, and 100 nm, respectively, at λ = 8.35
µm. The absorption enhancement is defined as the ratio of the 2D material absorption with
the TiO2/Au substrate to that with the SiO2/Si substrate.
refractive index (n + ik) of the 2D material on the light absorption in the 2D material sitting
on the TiO2/Au and SiO2/Si substrates.
Figure 5.2a presents the optical power (normalized to the source power) absorbed in the 2D
material sitting on the TiO2/Au (ts = 800 nm) substrate as a function of wavelength for different
t2D, n, and k values. The absorbed power was obtained by calculating the net power flow into
a surface enclosing the 2D material. It is observed that the 2D material absorption increases
with an increase in its thickness. There is also a redshift in the peak absorption wavelength
with the increase in thickness. At constant thickness, larger n and larger k values lead to larger
absorption. Also, there is a redshift and a blue shift in the peak absorption wavelength with
the increase in n and k, respectively. The optical power absorbed in the 2D material on the
SiO2/Si (ts = 300 nm) substrate is plotted in Figure 5.2b for the same t2D, n, and k values as
Figure 5.2a. Here again, the power absorbed in the 2D material increases with an increase in its
thickness and refractive index values. Also, we note that the 2D material absorption is greater
on the TiO2/Au than that on the SiO2/Si substrate over a wide wavelength range.





























Figure 5.3: (a) Top and (b) side views of the multilayer 1T-PtSe2 crystal structure with AA
stacking order. (c) Optical micrograph of a PtSe2 photodetector fabricated on the TiO2/Au
(ts = 800 nm) optical cavity substrate. (d) Atomic force micrograph of the PtSe2 flake in panel
c. (e) Drain current vs. gate voltage characteristic of the PtSe2 device.
To further study the 2D material absorption enhancement provided by the TiO2/Au substrate,
Figure 5.2c–e illustrate the power absorbed and absorption enhancement in the 2D material at
λ = 8.35 µm for a wide range of n and k values on the TiO2/Au (ts = 800 nm) and SiO2/Si (ts =
300 nm) substrates for t2D = 10, 20, and 100 nm, respectively. The same results for t2D = 50
nm are shown in the Supporting Information, Figure S5.1. Here, the absorption enhancement is
defined as the ratio of the 2D material absorption with the TiO2/Au substrate to that with the
SiO2/Si substrate. The absorption increases almost monotonically with an increase in n and k
for t2D = 10 and 20 nm for both substrates. However, this is not the case for the thicker 2D
materials (t2D = 50 and 100 nm); for instance, the 100-nm-thick 2D material on the TiO2/Au
substrate has a maximum absorption of 94.8% at (n, k) = (3.75, 1.75). Regardless of t2D,
the absorption enhancement is maximum for low-absorbance materials (small k values), and it
drops with an increase in k. Also, the absorption enhancement is generally higher for thinner
2D materials. Here we observe a maximum absorption enhancement of 9.6 for (n, k) = (6, 0.1)
for t2D = 20 nm and a minimum absorption enhancement of 1.84 for (n, k) = (6, 5) for t2D =
100 nm.
Next, we fabricated and characterized PtSe2 photoconductors on TiO2/Au (ts = 800 nm) and
SiO2/Si (ts = 300 nm) substrates. The stable octahedral 1T crystal structure of PtSe2 is
depicted in Figure 5.3a. PtSe2 layers are stacked in the AA arrangement, as shown in Figure
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Figure 5.4: Photoresponse of a PtSe2 photodetector on the TiO2/Au (ts = 800 nm) substrate
to the 8.35-µm laser. (a) Photoresponse with the laser modulated at 700 Hz at the incident
power density of 43.5 W/cm2. (b) Photocurrent as a function of laser power density. (c)
Responsivity and detectivity as functions of laser power density. The drain bias was Vd = 50
mV, and the gate electrode was disconnected in the above measurements.
5.3b, to form multilayer PtSe2 [29]. Here, PtSe2 photodetectors were prepared by the mechanical
exfoliation of the PtSe2 flakes onto the substrate, followed by the pattering and deposition of
the Cr/Au source and drain electrodes. Multilayer PtSe2 flakes with thicknesses in the range of
∼10–70 nm were chosen for the fabrication of these photodetectors. PtSe2 flakes thinner than
∼10 nm and large enough for device fabrication (≥ 3 µm) were very scarce. Figure 5.3c presents
an optical microscope image of a PtSe2 photodetector on the TiO2/Au substrate. An atomic
force microscope (AFM) image of this PtSe2 flake is included in Figure 5.3d, which shows that
this flake has an uneven thickness ranging from 56 to 71 nm. The drain current-gate voltage
(Id-Vg) characteristic of this device is shown in Figure 5.3e. The drain-source voltage (Vd) was
kept at 50 mV. Multilayer PtSe2 is a semi-metallic material; hence, there is no obvious gate
control over drain current. Nonetheless, we observed weak p-type and ambipolar behavior in
few-layer PtSe2 flakes with thicknesses below 5 nm. Figure S5.2 in the Supporting Information
displays examples of Id-Vg characteristics of few-layer PtSe2 flakes on the SiO2/Si substrate.
The photoresponse of the PtSe2 device on the TiO2/Au (ts = 800 nm) substrate to the LWIR
laser (λ = 8.35 µm) is shown in Figure 5.4a, where the laser was pulsed at 700 Hz and the incident
power density was 43.5 W/cm2. The drain bias was Vd = 50 mV, and the gate electrode was
disconnected. All measurements were taken at room temperature unless stated otherwise. A
photocurrent (Iph = Ilight−Idark) of 184 nA is observed. Figure 5.4b plots the photocurrent as a



























































Figure 5.5: (a) Drain current as a function of temperature for a PtSe2 device on the SiO2/Si
(ts = 300 nm) substrate in the dark. (b) Responsivity and detectivity of a PtSe2 photodetector
on the TiO2/Au (ts = 800 nm) substrate to the 8.35-µm laser as functions of laser power density
at room and cryogenic temperatures. The drain bias was Vd = 50 mV, and the gate electrode
was disconnected in the above measurements.
function of laser power density for this device. We observe a linear behavior, which is desirable
for photodetectors. The responsivity of a photodetector is defined as R = Iph/Pin, where Pin is
the power incident on the device. Figure 5.4c shows the responsivity of this device as a function
of laser power density. A maximum responsivity of 54.3 mA/W is measured. The detectivity,










where A is the device area, ∆f sampling bandwidth, NEP noise equivalent power, R respon-
sivity, and In noise current. Assuming that the total noise of the photodetector is dominated by
the shot noise from the dark current, the noise current can be approximated as Ī2n ≈ 2eIdark∆f





where e is the unit charge and Idark is the dark current. The detectivity of this device, calculated




To understand the photodetection mechanism in these devices, we studied the temperature
dependence of the drain current in the dark. Figure 5.5a plots the dark current as a function
of temperature for a PtSe2 device on the SiO2/Si (ts = 300 nm) substrate. The same type
of measurement for another device is shown in the Supporting Information, Figure S5.3. As
expected for a semi-metallic material, the current decreases with an increase in temperature.













































Figure 5.6: (a) Responsivity and (b) detectivity of different PtSe2 devices to the 8.35-µm light
on the TiO2/Au (ts = 800 nm) and SiO2/Si (ts = 300 nm) substrates. Each bar represents a
device. The drain bias was Vd = 50 mV, and the gate electrode was disconnected in the above
measurements.
This is consistent with the findings of ref 29. Hence, the photoresponse does not originate from
the temperature rise induced by the illumination (bolometric effect), and is instead attributed to
the generation of photocarriers and their collection by the electrodes (photoconductive effect).
The effect of cryogenic cooling on device performance was also investigated. Figure 5.5b plots the
responsivity and detectivity of a PtSe2 photodetector on the TiO2/Au (ts = 800 nm) substrate
to the 8.35-µm laser at different temperatures. Both the light and dark currents increase as the
device is cooled down from 295 to 100 K. The dark current increases from 162 to 294 µA. The
photocurrent and responsivity are enhanced by 3.15 times and detectivity by 2.34 times.
Several PtSe2 photodetectors were fabricated on the TiO2/Au (ts = 800 nm) and SiO2/Si (ts =
300 nm) substrates. The responsivity and detectivity of these devices to the 8.35-µm laser are
compared in Figure 5.6a and 5.6b, respectively. Each bar represents a device. As expected, the
photodetectors on the TiO2/Au substrate generally perform better than those on the SiO2/Si
substrate. The responsivity and detectivity of the best device on the TiO2/Au substrate are
respectively 2.7 and 2.6 times higher than those of the best device on the SiO2/Si substrate.
Also, the average values of responsivity and detectivity for the devices on the TiO2/Au substrate
are respectively 4.5 and 3 times higher than those for the devices on SiO2/Si.
As shown in Figure 5.6a, the best device on the SiO2/Si substrate shows a responsivity of 20
mA/W to the LWIR light (λ = 8.35 µm). We also measured the response of this device to
visible (λ = 532 nm) and SWIR (λ = 1550 nm) light; the results are plotted in Figure 5.7a. The
visible and SWIR laser beams were chopped at 700 Hz. This device shows responsivity values
of 2.1 mA/W and 1.1 mA/W to the 532-nm and 1550-nm light, respectively.
The rise/fall times of the photoresponse plotted in Figure 5.4a and 5.7a are limited by the
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Figure 5.7: (a) Photoresponse of a PtSe2 photodetector on the SiO2/Si (ts = 300 nm) sub-
strate to 532-nm and 1550-nm lasers at incident power densities of 5661 and 5242 W/cm2,
respectively. The laser beams were chopped at 700 Hz. (b) Photoresponse of a PtSe2 photode-
tector on the SiO2/Si (ts = 300 nm) substrate to the pulsed white light (λ = 450–2400 nm)
laser with a pulse width of 2 ns, along with the analog pulse signal of the laser. The drain bias
was Vd = 50 mV, and the gate electrode was disconnected in the above measurements.
measurement setup, i.e., the speed of the laser in Figure 5.4a and the chopping process in
Figure 5.7a, rather than the photodetector speed. To characterize the response time of the
PtSe2 photodetectors, a device on the SiO2/Si substrate was illuminated by a pulsed white light
source (λ = 450–2400 nm) with a pulse width of ∼2 ns. Figure 5.7b presents the photoresponse
of the device, together with the analog pulse signal of the laser. This device responds to the
light pulse with a time constant of 54 ns. From another viewpoint, the impulse response of the
photodetector decays exponentially, i.e., e−t/τ , where τ ≈ 54 ns is the recombination lifetime
of the photogenerated carriers [50].
5.4 Conclusion
In summary, we demonstrated fast and broadband (visible to LWIR) photodetectors based
on multilayer PtSe2, which was mechanically exfoliated from standard CVT-grown crystals.
Moreover, we designed and fabricated an optical cavity substrate to boost the light-matter
interaction in 2D materials in the LWIR spectral region. We employed this TiO2/Au optical
cavity substrate to enhance the performance of PtSe2 photodetectors. These devices show a
maximum responsivity of 54 mA/W and detectivity of 2.5×106 Jones to LWIR illumination
(at a wavelength of 8.35 µm) at room temperature. Higher responsivity and detectivity values
were reported in ref 28 for bilayer PtSe2 containing Se vacancies. Our devices, however, are
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much faster and more practical from a manufacturing perspective. 2D materials have shown
great potential for IR photodetection lately, and this study highlights the significant effect of
the substrate on the performance of these devices.
5.5 Methods
Simulation. Maxwell’s equations were solved employing the finite-difference time-domain
(FDTD) technique [51], implemented in the Lumerical FDTD Solutions software package. The
light source was a broadband (λ = 5–13 µm) linearly polarized plane wave at normal incidence.
Perfectly matched layers (PMLs) were utilized to describe the boundary conditions in the light
propagation direction. Periodic boundary conditions were implemented in the direction per-
pendicular to light propagation. The mesh size was 1 nm around the finest features. The
wavelength-dependent complex refractive index values of TiO2, Al2O3, and SiO2 were taken
from ref 52, and those of Au and Si were taken from ref 53.
Fabrication. The fabrication of the TiO2/Au optical cavity substrate started with e-beam
evaporation of a 20/120-nm Cr/Au reflector on a Si substrate. Next, a 1-nm Ti layer was
e-beam evaporated to act as the seed layer for the TiO2 deposition. This was followed by
the deposition of the 800-nm TiO2 spacer via reactive sputtering physical vapor deposition.
Finally, a 30-nm Al2O3 insulator film was deposited using atomic layer deposition (ALD). For
the SiO2/Si substrate, the thermally grown SiO2 insulator layer was 300-nm-thick.
Chemical vapor transport (CVT)-grown PtSe2 crystals were purchased from HQ Graphene.
PtSe2 flakes were deposited onto the substrate by exfoliating the crystals using a sticky tape.
Next, the source/drain electrodes (Cr/Au 20/80 nm) were fabricated using the photolithography/e-
beam evaporation/lift-off method. Subsequently, the thickness of the PtSe2 flakes was measured
using an atomic force microscope (Cypher AFM, Asylum Research) in tapping mode. Finally,
the chips were wire-bonded into chip carriers for electrical and optical characterization.
Characterization. The electrical characteristics were measured using a pair of source measure
units (2450 SourceMeter, Keithley Instruments) in a two-probe configuration. In the photore-
sponse experiments, the 8.35-µm quantum cascade laser (QCL) was directly modulated at 700
Hz. The beams from 532-nm and 1550-nm laser diodes were mechanically chopped at 700 Hz.
A thermal power sensor (S401C, Thorlabs) was used to measure the optical power of the lasers.
The spot sizes of the lasers were measured using the knife-edge method and the power meter,
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and thus the power densities were obtained. The signal from the photodetector was amplified
using a low-noise current preamplifier (SR570, Stanford Research Systems), and the output
was monitored on an oscilloscope. The drain bias was applied using the current preamplifier.
Temperature-dependent measurements were taken in a customized cryostat (Janis Research)
with a ZnSe window. The response time was characterized by illuminating the device with
2-ns-wide pulses from a supercontinuum white light laser (SuperK Compact, NKT Photonics).
A high-speed current amplifier (DHPCA-100, FEMTO) with bandwidth of ∼170 MHz was used
in this case.















Figure S5.1: Optical power absorbed and absorption enhancement in the 2D material lying
on the TiO2/Au (ts = 800 nm) and SiO2/Si (ts = 300 nm) substrates as functions of n and k
with t2D = 50 nm at λ = 8.35 µm.
























Figure S5.2: Drain current vs. gate voltage characteristic of few-layer PtSe2 flakes (thickness
















Figure S5.3: Drain current as a function of temperature for a PtSe2 device on the SiO2/Si
(ts = 300 nm) substrate in the dark. The drain bias was Vd = 50 mV, and the gate electrode
was disconnected in the above measurements.
5.6 Supporting Information
This section includes the following material:
Optical power absorbed in the 50-nm-thick 2D material, Id-Vg characteristics of few-layer PtSe2
devices, Temperature dependence of dark current for a PtSe2 device
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Chapter 6
Summary and Future Work
6.1 Summary of Results
Two-dimensional layered materials have lately shown great potential for optoelectronic applica-
tions. They have appealing properties that cannot be found in conventional, bulk semiconduc-
tors. For instance, their atomically smooth, dangling-bond-free surfaces facilitate the fabrication
of heterostructure devices such as photodiodes and light-emitting diodes. However, a challenge
associated with 2D materials is their thin structure which leads to weak light absorption in these
materials. In this dissertation, we designed and fabricated optical nanostructures that can sig-
nificantly enhance the light-matter interaction in 2D materials in the technologically important
infrared spectral region.
In the first work (Chapter 3), we designed a composite plasmonic structure for enhancing the
light absorption in graphene in the long-wave infrared region. Finite-difference time-domain
electromagnetic simulations were performed to this end. This plasmonic structure consists
of a bull’s eye metallic grating and radially arranged rod nanoantennas at the centre where
the graphene layer is located. The grating excites surface plasmon polaritons under illumina-
tion and guides them towards the aperture, leading to light intensity enhancement. The rod
nanoantennas further boost the light intensity through localised surface plasmon resonances.
The light intensity enhancement resulting from SPPs and LSPRs lead to a huge light absorp-
tion enhancement in graphene. Hence, the integration of this structure with 2D material-based
photodetectors is estimated to lead to a significant responsivity and detectivity boost. In ad-
dition, high quality 2D layers are commonly obtained via mechanical exfoliation, which results
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in small-area flakes. A large-area detector can be made from these flakes using this plasmonic
structure.
In the second work (Chapter 4), through optical simulations, we presented polarisation-tailoring
plasmonic nanoantennas that can be integrated with 2D materials for enhancing or suppressing
their optical anisotropy. Black phosphorous, with a narrow and direct bandgap, is a promising
material for mid-wave infrared optoelectronics, yet its optical anisotropy and thinness reduces
the responsivity of bP-based photodetectors. We found that T-shaped nanoantennas can effec-
tively enhance the light absorption in this anisotropic 2D material through polarisation conver-
sion and light intensity enhancement. Furthermore, we found that ribbon-shaped nanoantennas
can create strong anisotropic light absorption in 2D materials. Photodetectors with high po-
larisation sensitivity can be employed in polarisation imaging. Finally, we demonstrated that
plasmonic nanoantennas and optical cavities can enhance the IR light emission from bP with
potential application in LEDs based on bP and other 2D materials.
In the last work (Chapter 5), we demonstrated fast and broadband photodetectors based on
platinum diselenide. Multilayer PtSe2 is a semi-metallic 2D material with zero bandgap, and
thus, it can detect a broad range of photons from visible to LWIR wavelengths. Moreover, we
designed and fabricated an optical cavity substrate to enhance the light absorption in PtSe2
and thus its responsivity to LWIR illumination. We found that the optical cavity substrate can
considerably outperform the commonly used SiO2/Si substrate in this spectral region. There is
a great demand for cost-effective and high performance IR detectors at room temperature, and
2D materials have shown great promise for this purpose. This study highlights the key role of
the substrate in the performance of these devices.
6.2 Future Work
Here, we discuss some potential research paths that can be taken to further develop the ideas
presented in this dissertation.
The plasmonic nanostructures presented in this dissertation, including the rod nanoantennas
in the bull’s eye aperture and polarization converting T-shaped nanoantennas, were optimised
via parameter sweeping. More powerful optimisation techniques can be employed for this pur-
pose, which can potentially lead to novel designs and improve the performance of the plasmonic
nanostructures. For instance, genetic algorithms have been employed for the design of photonic
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Figure 6.1: Genetic representation of an example matrix nanoantenna. Reproduced with
permission from ref 7. Copyright 2012, The American Physical Society.
and plasmonic nanostructures [1–4]. They have been used for maximizing the light intensity
enhancement provided by plasmonic nanoantennas [5, 6]. Genetic algorithms use natural selec-
tion techniques to find the optimum solution to a given problem. First, a population of random
individuals (a generation) is produced and the fitness of every individual in the population is
evaluated using a fitness criterion. Fitter individuals are then selected, combined (crossover),
and/or randomly mutated to form a new generation, which is then used in the next iteration of
the algorithm. The algorithm terminates when either a maximum number of generations has
been produced or a satisfactory fitness level has been reached. Accordingly, a genetic represen-
tation of the solution domain and a fitness function to evaluate it are required. The example
shown in Figure 6.1 illustrates the application of this algorithm in designing plasmonic nanoan-
tennas [7]. In this method, the device area is divided into smaller building blocks which can be
occupied by a metal cube or empty. The goal is to maximize the light intensity in the middle
block (fitness function). The genetic information (genome) is a two dimensional matrix repre-
sentation of the structure where elements are set to “1” if occupied by a metal cube and “0” if
not. In each generation, the fitness of every individual is determined by evaluating the fitness
function through optical simulations. The same method can be utilised for designing the bull’s
eye aperture nanoantennas and polarization-tailoring nanoantennas in bP photodetectors where
the fitness function would be the light absorption in the 2D material.
Another significant contribution would be the experimental demonstration of these plasmonic
nanostructures. The bull’s eye grating/nanoantenna hybrid structure can be fabricated using
lithography/metallization/lift-off techniques. As this structure contains both nano- and micro-
scale features, several steps may be required. First, the 2D layer can be obtained by mechanical
exfoliation. The aperture nanoantennas can then be directly fabricated on the 2D layer using
e-beam lithography. Finally, the metallic grating can be patterned using photolithography.
Similarly, T-shaped nanoantennas can be directly patterned on bP using EBL. Venuthurumilli
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et al., for instance, used this method to demonstrate NIR bP photodetectors integrated with
bowtie nanoantennas [8]. The challenge with the direct fabrication of plasmonic nanostructures
on 2D materials can be the degradation of some 2D layers under e-beam exposure or their
incompatibility with the chemicals used in the EBL process. In addition, nanoantennas with
fine features may not be properly lifted off without ultrasonication, which can severely damage
the 2D layer. To avoid these issues, one can fabricate the nanoantennas on a separate substrate
and then transfer them onto the 2D material. Liu et al., for instance, employed this method
to integrate plasmonic nanoantennas with graphene layers [9]. First, the graphene transistors
were fabricated on a SiO2/Si substrate, and then, the plasmonic nanoantennas were fabricated
on a separate SiO2/Si substrate using EBL. Next, a poly(methyl methacrylate) (PMMA) layer
was spin coated onto the nanoantennas. This was followed by etching the underling SiO2 layer
using buffered oxide etchant to obtain a free-standing PMMA/nanoantenna thin film. This film
was subsequently transferred onto the graphene transistor, and finally, PMMA was dissolved
away to obtain nanoantennas on graphene devices.
As discussed in Chapter 1, light emitting diodes based on 2D heterostructures such as WSe2/MoS2
and bP/MoS2 have been demonstrated. Also, plasmonically enhanced photodetectors based on
2D materials have been widely investigated. However, plasmonic enhancement of 2D material-
based LEDs remains to be studied. In Chapter 4, we proposed optical cavities and nanoantennas
that can considerably enhance the light emission from 2D materials trough Purcell effect. Hence,
another interesting research idea would be the experimental demonstration of plasmonically en-
hanced LEDs based on 2D materials utilising these nanostructures.
The fast and broadband photoresponse of the PtSe2 photodetectors, demonstrated in Chapter
5, can be useful in many applications. However, the detectivity of these devices are lower than
those of commercial IR detectors, which results from the high conductivity and dark current of
multilayer PtSe2. As discussed earlier, the potential barrier formed across a p-n or Schottky
junction can overcome this issue. Hence, another research idea would be the exploration of PtSe2
heterostructures with other 2D materials to achieve high detectivity. In addition, we found that
PtSe2 crystals, grown via chemical vapor transport, are resilient to mechanical exfoliation, and
only small-area PtSe2 flakes can be obtained using this method. Large-area PtSe2 films can be
achieved through chemical vapor deposition [10, 11] and direct selenization of platinum films
[10, 12]. However, the photoresponse of these materials to LWIR light has not been studied
yet. Another research path can be the investigation of these materials for fast, broadband, and
large-area photodetectors and potentially focal plane arrays for imaging applications.
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